Swelling, mass transport, and chemical kinetics in bituminous coal pyrolysis by Hsu, Jaanpyng
SWELLING, MASS TRANSPORT, AND CHEMICAL KINETICS
IN BITUMINOUS COAL PYROLYSIS
BY
JAANPYNG HSU
B.S. in Chemical Engineering
National Central University, Taiwan (1981)
M.S. in Chemical Engineering
Louisiana State University (1985)
Submitted to the Department of Chemical Engineering
in Partial Fulfillment of the Requirements
for the degree of
DOCTOR OF PHILOSOPHY
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
August, 1989
© Massachusetts Institute of Technology, 1989
Signature of Author
--- f-Dof Chemical Engineering
August, 1989
Certified by
Prof. Jack B. Howard
Thesis Supervisor
Certified by
Dr. William A. Peters
Thesis Supervisor
Accepted by
Prof. William M. Deen, Chairman
Depertmental Committee on Graduate Students
ARCHIVES
WASSACHUSETTS INSTITUTE
OF TECHNOLOGY
CT 0 3 1989
UBRARIES
Swelling, Mass Transport, and Chemical Kinetics
in Bituminous Coal Pyrolysis
by
Jaanpyng Hsu
Submitted to the Department of Chemical Engineering at the Massachusetts
Institute of Technology in August 1989, in partial fulfillment of the
requirements for the degree of Doctor of Philosophy.
ABSTRACT
Coal pyrolysis is the initial step in thermal coal conversion
processes including combustion, gasification, liquefaction, and
hydropyrolysis. A better understanding of coal pyrolysis may provide more
effective means for coal utilization.
When coal is heated up to a sufficiently high temperature it
decomposes into a complex mixture of volatiles (gases and tar), liquid
metaplast, and solid residue. Significant morphology change and weight
loss occur in a softening coal during the pyrolysis. The objective of
this research is to gain an insight into how chemical kinetics, mass
transfer, and morphology change relate to product yields during rapid
pyrolysis of a softening coal.
Experiments are carried out at an entrained flow reactor, using
Pittsburgh seam no.8 bituminous coal. The experiments are aimed at
characterizing the physical and chemical processes in the
devolatilization of coal particle. A series of scanning eletron
microscopy photographs taken from the pyrolyzed coal particles, which
underwent various reaction times, are inspected.
A mathematical model (called the C model) has been developed to
investigate intra-particle phenomena including volatiles transfer,
chemical kinetics, and changes in particle morphology. The model also
quantitatively predicts the independent effects of reaction temperature,
ambient pressure, and heating rate on the volatiles yields during
softening coal pyrolysis. In pyrolysis, bubbles are assumed to be formed
in a viscous, fluid-like liquid continuum (called metaplast). The
metaplast is generated by chemical-bond breaking and physical melting of
coal. Based on the observation from the SEM photographs, the bubble
topography is conceptualized as numerous small bubbles surrounding one
large bubble concentric with the particle. The central bubble may grow
via diffusion and evaporation of metaplast and of gases generated by
decomposition of metaplast, while the small bubbles are assumed to reach
their unique, final size in a time interval negligible compared to the
growth period of the large bubble. Bubble expansion followed by
resnlidification of the metaplast results in cenosphere formation.
Extension of the central bubble thins the encasing shell of molten coal
3until it ruptures. Rapid equilibration of the central bubble and ambient
pressure ensues so that diffusion of volatiles in the metaplast phase
then becomes the rate limiting step for volatiles release. The computer
program is designed to fit parameters to the experimental tar yielt, data.
The C model gives good fits to the experimental tar yields and good
predictions of weight loss.
For high-pressure pyrolysis, the C model is modified. Heterogeneous
cracking/coking reaction of tar which percolates through the particle is
believed to be responsible for pyrolysis behavior of softening coal under
high ambient pressures.
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CHAPTER I. SUMMARY
I.1. BACKGROUND AND OBJECTIVES
During pyrolysis of plastic coals to useful volatiles, the
distribution and yields of pyrolytic products are strongly affected by
the combined intra-particle effects of chemical reactions, volatiles
transfer processes, and transient plastic behavior of coals. In order to
obtain better understanding of overall coal conversion processes and
more effective means for coal utilization, studies of chemical kinetics
and mass transport mechanisms of pyrolysis are essential.
When heated to a sufficient high temperature, softening coals form a
fluid-like viscous mass (called metaplast) via physical melting and
pyrolytic bond breaking from coal. The metaplast further decomposes to
gaseous volatiles, light hydrocarbons as well as heavy components and
repolymerizes to high-molecular-weight products and char. Meanwhile, the
metaplast also provides a medium for bubble formation. The bubbles
subsequently grow and break through the particle surface, allowing tar
and gases to escape to the surroundings. It is recognized that the growth
and escape of gas-filled bubbles is an important process for the
evolution of tar and gases, in addition to the diffusion of volatiles
through the metaplast to the particle surface (Lewellen, 1975; Howard,
1981; Oh, 1985). Creation of a deformable liquid phase, bubble
generation, growth and escape from the thermally-induced plastic coals
can lead to significant particle swelling. A major observation is that
the swelling ratio, defined as the swollen particle radius to the initial
particle radius, generally assumes values between 1.0 to 2.0 regardless
of variation of experimental conditions (see Table I.1)
Despite the progress made by Anthony et al. (1975, 1976), lewellen
(1975), Suuberg et al. (1979), Zacharias (1979), Solomon and King (1984),
Suuberg and Sezen (1985), Oh (1985), Fong (1986), and Niksa (1987, 1988),
there still exists a strong need for research on quantitative
descriptions of coal devolatilization (Howard, 1981; Gavalas, 1982; and
Suuberg, 1985). The main objectives of the present work are to gain a
fundamental understanding of physio-chemical processes occurring in a
high-volatiles bituminous coal during rapid pyrolysis and, based on this
information, to quantit-tively model the devolatilization behaviour of
softening coals including the effects of intraparticle transport and
kinetics and the independent effects of reaction temperature, pressure,
particle size, and heating rate on volatiles yields and extent of
particle swelling during pyrolysis.
1.2. EXPERIMENTAL
1.2.1. EXPERIMENTAL FACILITIES AND MEASUREMENTS
The present study was aimed at determining morphological changes of
Pittsburgh seam no. 8 bituminous coal due to pyrolysis temperature,
particle size and residence time. The study included examinations of
swelling of particle volume and shell thickness of pyrolyzed coal char.
An entrained flow reactor was used for the sampling of char in this
study (Figure I.1). The residence time of coal particles between the
particle injector and the sampling probe, where serves as a reaction
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Figure I.1. The entrained flow reactor.
System
Pump
zone, is roughly 1 msec/mm. The particle sizes for this study are 30-45,
63-75, and 106-125 pm. The gas temperatures, being corrected for
radiation losses to the reactor wall, along the reaction zone are shown
in Figure 1.2. The heating rate exceed 104 K/sec. The gas-quenching rate
in the sampling probe is about 106 K/sec.
The coal particles were collected at different positions and their
physical properties are measured. Morphological changes are the major
properties of interest. Scanning electron microscopy (SEM) and optical
microscopy were used to take photographs of the particle surface and the
particle cross-sections. The projected external surface areas of
particles seen in the SEM pictures were measured and then converted into
a spherical diameter for the determination of swelling ratio. Weight
losses (WL) due to pyrolysis are determined by (a) solid density, (b) ash
analysis, and (c) titanium analysis.
1.2.2. RESULTS
Figures 1.3 to 1.5 show a sequence of SEM photographs of particle
external appearance and their corresponding cross-section for the
particle sizes of 106-125 pm. The coal particles were pyrolyzed under
atmospheric pressure and intermediate temperature profile.
In the early stage (Figure 1.3), the coal particle have irregular
external appearance with a few bubbles and fissures inside the particles.
Some bubbles have long and irregular shapes, suggesting that the bubbles
may be initiated from fissures. At 12 to 14 cm, the particles become more
rounded. The appearances of crater-like punctures and blow holes in the
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Figure 1.5. SEM photographs of Pittsburgh seam no. 8
bituminous coal char (upper) and its
corresponding cross-section (lower)
collected at 25 cm at the intermediate
temperature condition; initial particle
diameter= 106-125 Mm.
particle surface suggest that some bubbles have ruptured the coal
particle shell. Inside the particle, the bubbles seem very developed and
thick partitions between the bubbles have thinned. The particle shell
thickness is in the average of 4 to 8 pm. In the final stage, more
swollen and quite spherical particles which have a thin shell and a high
internal void fraction are observed in addition to shell fragments, large
blow holes, and particle surface contraction.
For smaller particle sizes, the morphology changes are quite similar
to the above observation. One difference is that large central bubbles
are more likely to exist in the smaller particles.
In addition to the cenosphere formation, other important
observations are the increase of particle volume in the early stages of
pyrolysis, followed by contraction of the particle surfacr. The maximum
swelling ratios are 1.5 at 12 cm for the 106-125 pm particle (Figure 1.6)
and 1.3 at 7 cm for the 63-75 pm particle. The secondary increases of
mean swelling ratios in Figure 1.6 (solid points) at distance above about
14 cm and the wide ranges of their standard deviation in both cases
indicate that particle agglomeration may have occurred.
Comparing the swelling ratio and the weight loss (Figure 1.7), it is
interesting to note that the maximum swelling occurs at relatively low
weight loss. For the intermediate temperature cases, the weight loss for
the 106-125 pm particles is 10 - 15 % at 12 cm; for the 63-75 pm
particle, it is around 10 % at 7 cm. The SEM pictures show that at these
distances, many blowholes appear on the particle surface and bubbles have
become well developed inside the particles. These observations indicate
that cenospheres and thin shells can be formed in the softened particles
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Figure 1.6. Swelling ratio for pyrolysis of Pittsburgh seam no. 8
bituminous coal at the intermediate temperature condition and
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during relatively early stages of devolatilization. Thus significant
fractions of the volatiles still remain to be lost throught the broken
thin coal-shell by escaping from the internal and external surfaces of
the particle shell.
1.3. MATHEMATICAL MODELING FOR VOLATILES GENERATION AND PARTICLE SWELLING
Based on the observation from the SEM photographs of softening coal,
a simplified picture for the overall morphological development of a coal
particle during pyrolysis is schematically shown in Figure 1.8 for a
mathematical model which involves coupled chemical kinetics and volatiles
transport as proposed in Figure 1.9.
Pyrolysis of bituminous coals forms a fluid-like viscous mass, known
as metaplast, when the pyrolysis temperature exceeds a minimum value
taken by some investigators to represent an apparent melting point. The
metaplast formation is primarily due to physical melting and chemical
bond breaking in the coal. The physical-melting-induced metaplast
presumably pre-exists in the coal particles and its amount is established
from untreated coal, according to Brown and Watess (1966). Additional
metaplast formation due to chemical bond breaking is evidenced by the
increase of the sum of tar and pyridine extract yield at temperatures
above the melting points (Fong, 1986). The metaplast can be depleted by
chemical reactions and mass transfer. The chemical reactions consist of
(1) cracking into gases and low-molecular-weight species and (2)
resolidification as well as crosslinking to form a porous char residue.
Mass transfer processes of volatiles include evaporation and diffusion
Small Bubble (Foam)
Particle
Heating
ntral Bubble
Uns.oftened
Coal
(Metaplast) b.
Coke (Resolidified
Creation j
Shrinking
Time (arbitrary scale)
Figure 1.8. Schematic cross-sections of morphology changes in a softening
coal during pyrolysis and their corresponding effects on
swelling.
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Figure 1.9. Schematic of chemical kinetics and mass transfer for
volatiles evolution in the pyrolysis of softening coal.
into bubbles and escape through the particle surface. The molten coal is
typically impregnated with small and large bubbles which originate from
pre-existing pores and fissures induced by thermal stresses during
pyrolysis. In this model, the small bubbles are assumed to reach their
unique, constant size very fast so that only the extension of the
central, large bubble need be taken into account in modeling particle
swelling. This assumption is based on the observations from SEM pictures
in this study. The bubbles grow via an influx of light gaseous volatiles,
and by diffusion and evaporation of hydrocarbons and tar vapors. These
species approach and enter bubbles by diffusion within the molten coal
and then evaporation at molten coal/bubble interfaces. Eventually, the
bubbles break through the particle surface, allowing volatiles to escape
through the particle surface and central bubble interface.
For convenience in the following model description, the composition
of raw coal is categorized into three major components: (1) mineral
matter (ash) and moisture, (2) pre-existing metaplast, and (3) coal. The
nomenclature for the mathematical symbols is listed at the end of this
chapter.
1.3.1. CHEMICAL KINETICS
All reactions in this model are assumed to be first order. When
temperature is high enough, pre-existing metaplast undergoes physical
melting. The ratio of physical melting rate over heating rate is
proportional to a Gaussian distribution of temperatures,
dMp(t) U (T - T, ) 2
rm - - exp(- ).m, t < (Tpeak-To)/m )
dt (2w)½aT 20T 2  (1)
rm - 0, t > (Tpeak-To)/m
Here, U is the pre-existing metaplast represented by pyridine extract of
raw coal (Fong, 1986). At temperature below 673 K, the softened pre-
existing metapalst can decompose into primary gases (G1) which is modeled
as first order in the amount of the given material yet to be formed.
dG(t)/dt - kg(Gl* - G 1) (2)
The intrinsic rates of coal depletion and individual metaplast
generation are
dUC/dt - Rate of primary decomposition - -klUC (3)
dM(t,Mw) Generation rate due Decomposition rate of
- to primary reactions - pre-existing metaplast
dt and physical melting into gases G1
of metaplast due to - [K1.UC+(rm - -- )]-f(Mw) - K 2 .M(t,Mw)
secondary reactions dt
(4)
m(t) - lim (AT/At) (5)
At-o
where the molecular weight of the metaplast generated from coal is
described by a time invaried function, f(Mw).
The metaplast is assumed to further decompose into secondary gases
(G2) and to simultaneously resolidify to coke (E), The formation rates of
total gases (G1 + G2) and of coke are
dG(t) [Mwn dGl(t)
- dGl(t)/dt + dG2(t)/dt- k2M(t,Mw)/(l+A) + *.f(Mw)}dMw
dt JMwl dt (6)
dE(t) nMwn Mwn
= {(dE(t,Mw)/dt)dMw - k 2 M(t,Mw)A/(l+A)dMw
dt JMw1 JMwl
(7)
A - weight ratio of coke to gaseous volatiles.
1.3.2. BUBBLE INITIATION AND FORCE BALANCE FOR THE CENTRAL BUBBLE
The single, central bubble is assumed to be initiated from sealed
cavities formed when pores and fissures in the coal particle become
closed off during the early stage of softening. In principle, once a
bubble is formed, it can expand or contract. Here because of a net influx
of fresh volatiles continuously formed by pyrolysis, expansion dominates.
Thus expansion reflects the balance of forces of internal bubble pressure
against ambient pressure and surface tension. From a force balance across
the particle shell and a dimensionalanalysis, the bubble expansion rate
(R2) is
1 1 1 1
R2 (t) - [(Pb - Fa) - 2"as(-- + -- )]/[4R 2
2 (- - )] (8)
R1  R2  R2
3  R13
From the continuity equation, the particle swelling rate (R1 ) is thus
Ri(t) - (R2 /R1)2 R2  (9)
The bubble pressure is assumed to be composed of the partial
pressures of tar species, devolatilization gases, and trapped ambient
gases.
1.3.3. MASS BALANCES FOR METAPLAST AND DEVOLATILIZATION GASES
The concentrations of individual metaplast species (Zj) in the
particle shell can be found by solving coupled differential equations for
chemical generation and consumption of metaplast and for metaplast
transport by diffusion. The control volume is the space occupied by
metaplast between the particle surface and the central bubble interface.
No temperature gradient existing in the control volume is considered.
This assumption is valid for the particle size smaller than 200 - 500 Am
at the heating rate of 103 K/s (Howard, 1981; Zielinski, 1967; Unger and
Suuberg, 1981). The mass transport equation for Zj is
DZj Deff,j 8 aZ__ Generation rate Generation rate
2...-(r2 •) + due to primary + due to physical
Dt r2  ar ar reactions melting
[ Consumption rate due to1
- secondary reactions
DZj Def f j a aZj 1 dG1
D (r2 ) + -(Kl-UC + (rm - -))-f(Mwj) - K2Zj  (10)
Dt r2  ar ar V dt
such that
M(t,Mw) - { Z(t,Mw,r)dV (11)
The effective diffusivity of metaplast (Deff,j) accounts for the combined
effect of vapor diffusivity (DMj,v) of tar in small bubbles as well as
pores and liquid diffusivity (DMj,l) of metaplast in the control volume.
Conceptually, relating Deff to DMj,v and DMj,l is analogous to that on
effective diffusivity for transportable molecules within a catalyst
particle. Deff is a function of temperature, viscosity, and molecular
weight of metaplast.
The initial condition is Zj= 0. The boundary condition at the
central bubble-metaplast interface is prescribed such that the rate of
increase of the mass of tar vapor within the bubble equals the rate of
flow inward across this central bubble interface. Another boundary
condition is at the particle surface, where it is always true that at
local steady state condition, i.e. when no material is lost at the
interface, the flux of metaplast outward across the particle surface
equals the flux of tar out of the particle surface. Raoult's law is
applied in both boundary conditions to relate the partial pressure of tar
species to the mole fraction of liquid tar in the liquid phase at the
boundary and the vapor pressure of the corresponding "pure" tar fraction.
However, the vapor diffusivity and vapor pressure of tar can increase
with temperature, resulting in the decrease of molar fraction of
metaplast on the particle surface. Thus, eventually the boundary
condition may shift from the equilibrium of vapor and liquid phases to a
liquid-phase-drained boundary, i.e., Zj-O at the coal particle surface.
The partial pressure of pyrolysis-generated gases in the central
bubble is related to the gas generation rate due to primary and secondary
reactions by a constant ic. This is based on an assumption that mass
transfer of gases within the liquid phase is so rapid that there is no
intra-metaplast gradient of gas concentration. is expected to affect
mainly the time history of bubble expansion, but to have little impact on
product yields, since in rapid heating the time for the bubble expansion
before bubble rupture is very short.
1.3.4. HOLE CREATION AND SUBSEQUENT VOLATILE TRANSPORT
Growth of the central bubble decreases the thickness of the outer
shell. This may continue to a point where the internal bubble pressure
exceeds the shell yield stress, resulting in shell fracture and/or
perforation of the shell by one or more orifices. In the present model, a
bubble-rupture is registered when the calculated swelling ratio becomes
greater than the experimentally observed swelling ratio. Once the shell
has been perforated, it is assumed that the internal bubble pressure is
equilibrated with the ambient pressure virtually and that volatiles may
thereafter escape to the surroundings through the particle surface and
through the bubble-shell interface (Figure I.8.c). The boundary condition
across the internal bubble interface for equation (I.10) is then assumed
to be the same as that at the particle surface.
Post-expansion shrinkage (Figure I.8.d) of coal particles during the
softening stage of pyrolysis has been observed experimentally. In the
model, only metaplast depletion is treated in accounting for the
volumetric shrinkage. Furthermore in analogy with the physical melting as
a source of metaplast generation within the particle, metaplast depletion
by physical resolidification during the period of quenching (i.e. liquid
metaplast becoming solid metaplast) is also considered, with a similar
expression and assumption to those of equation (1).
1.3.5. TAR YIELD, MOLECULAR WEIGHT DISTRIBUTION OF TAR. AND METAPLAST
REMAINING IN THE COAL PARTICLE
During pyrolysis, the overall mass fractions of coal includes tar
(Tar(t)), ash and moisture (fa), unreacted coal (UC(t)), unsoftened pre-
existing metaplast (U-Mp(t)), liquid metaplast (M(t)), Coke (E(t)), and
pyrolysis-generated gases (G(t)). The mass balance gives
Mw
n
Tar(t) - rTar(t,Mw)dMw - 1 - fa - UC(t) - U + Mp(t) - E(t) - M(t) - G(t)
JMwl
(12)
where the overall metaplast remaining in the coal particle is
w n  
Wn
M(t) - J M(t,Mw)dMw - Z(t,Mw,r)dVdMw (13)
Mwl Mwl V
The molecular weight distribution of metaplast is
X(t,MW)- M(t,Mw)/M(t) (14)
1.3.6. MODIFICATION FOR HIGH-PRESSURE PYROLYSIS
The discussion in previous sections is aimed at the modeling for
low-pressure pyrolysis. At high pressures of ambient gas, the particle
morphology may be significantly different than that shown in Figure 1.8.
Small but many bubbles exist within the particle (Wanzl, 1987). Those
small bubbles give a significant increase in the surface area and further
a high opportunity for tar to undergo heterogeneous reactions on bubble
and pore walls when tar percolates through the particle. Results
presented later show that heterogenous reactions of tar provide a fairly
good explanation for the experimentally observed decrease of tar yield at
high pressure.
The approach is to modify the low-pressure model described in the
previous sections by (1) conceptualizing Figure I.lO.a to I.lO.b in which
the pore wall, where the heterogeneous reaction occurs, is imaginarily
separated from the metaplast phase as a contiguous shell attached to the
particle and (2) mathematically treating heterogeneous reactions of tar
vapor at interfaces as homogeneous reactions, which is analogous to one
mathematical approach to modeling heterogeneous reactions occurring in a
catalyst (Froment and Bischoff, 1979).
The detailed mathematical conceptualization is presented in this
thesis (Section V.5). This modification requires three addition
parameters: (1) R,, defined in Figure I.10.b, (2) Eas, the activation
energy for the heterogeneous tar cracking/coking reactions, and (3) Kwo ,
where Kwo-Kso.Pp*Sp -(pre-exponential constant of the heterogeneous
reactions).(particle density)-(pore surface area).
1.4. RESULTS AND DISCUSSIONS
For the convenience of the following discussion, the proposed model
is called the C model, referring to the C-shaped cross-section of the
particle shell as schematically proposed in Figure 1.8.
The computer program for the C model is designed to correlate
physical and chemical parameters to the experimental tar yields of
Suuberg (1977) and Caron (1978). They studied Pittsburgh seam no.8 high-
volatile bituminous coal, using a screen heater reactor where the coal
particles were sandwitched within steel screens, which were then
electrically heated to a peak temperature at approximate 1000 K/sec,
followed immediately by natural cooling at 400 to 200 K/sec. The time-
temperature history of the coal particles was measured with a
thermocouple. Pressures were vacuum, atmospheric, and 69 atm. The
experimentally measured time-temperature history for each experimental
run is implemented in the computer code of the C model for the
calculation of the tar yield for that run.
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The correlations of physical properties and the input parameters for
the C model are summarized in Tables 1.2 and 1.3, respectively. ic is
chosen so that the single, central bubble may rupture at around 670 - 700
K, according to Toda (1973a,b). The molecular weight distribution
(M.W.D.) for the decomposition of raw coal to metaplast appears in Figure
I.11. This distribution is estimated from the summation of the equally-
weighted relative mass fraction distributions of 1-atm-tar and -metaplast
of Pittsburgh seam no. 8 bituminous coal, measured by Oh (1985).
Five adjustable parameters are crucial to the C model. They are the
coefficient (C) of Deff and the pre-exponential coefficients and
activation energies of the primary and secondary reactions (Klo, Eal,
K20 , Ea2). Figure 1.12 and 1.13 shows the comparisons of experimental
and calculated tar yields and weight loss for various peak temperatures
at 1 atm, respectively. The fitted parameters and the standard error of
estimate of tar yield (etar) are listed in Table 1.4. It can be seen the
C model reasonably fits the data for atmospheric pressure. In order to
illustrate time-resolved product distributions predicted from the model,
Figure 1.14 plots the calculated mass fractions of pre-existing
metaplast, liquid metaplast, tar, coke, primary and secondary gases (GC
and G2), and unsoftened coal with the time-temperature history shown in
the right-upper corner. This figure also shows that approximately 70 % of
the tar is formed during the heat-up period and the rest of the tar is
formed during cooling. The proportion of the tar formed in the heat-up
decreases as the peak temperatures decrease.
The C model considers chemical kinetics, diffusion, evaporation, and
bubble rupture. Figure 1.15 shows the rates, computed from the C model,
Table 1.2. Correlations for physical properties of coal melt
(1) Apparent viscosity (Fong, 1986)
/lp* - (9./8.)/((l-M)- 1 /3 - 1) poise
IA - viscosity of solid-free liquid metaplast - 1200 poise
M - mass fraction of metaplast
(2) Vapor pressure (Unger and Suuberg, 1983)
PV = 5.756 x 103 -exp(-255Mw Q.58 6 /T) atm
(3) Vapor diffusivity (Zacharias, 1979)
(3) Vapor diffusivity (Zacharias, 1979)
DMj,v =
.00416Tl.5.(I/Mwj + 1/MWHe) nOD(30 0 )
P[(1.18Mwj) 1/3 + 2.88)1/3] 2 .OD(T)
cm2/sec
OD - collision integral, 300 is a reference
P - ambient pressure in atm.
temperature in K.
OD - 0.001615(kT/e)2 - 0.054152 (kT/e) + 1.1011
k/e 
- [(k/e)(k/E)He]I
where
k/e -1./10.22
(k/E)He = 396.26.-ba
a - [6.57x10 *(Mw*/984.) + 1.89x105 .(984./Mw.) + 4.84x104 ]3/2
b = [241.-(Mwj/984.) + 80.4.(984./Mwj)+ 17.1]4 / 3
(4) Effective diffusivity (this study)
C.TI.5
Deff,j = cm2/sec
(j.Mw.j) 2 /3
C - constant, fitting to experimental data.
Table 1.3. Constant parameters implemented in the C model
Parameter Value
fa7 (ash and moisture)
UT (pre-existing metaplast)
UC7 (initially unsoftened coal)
To (initial temperature)
Tz (mean melting temperature)
aT (standard deviation for Gaussian distribution
of physical melting)
as (surface tension of coal melt)
Rlo (initial particle radius)
Pp (initial particle density)
4 (experimental maximum swelling ratio)
R2o (initial central bubble radius, calculated from
Rlo, 4, and Ac)
Mc (designated metaplast for the beginning of
bubble expansion, i.e. sealed off pore mouths)
Ac (critical shell thichness of bubble-rupture,
at the moment of bubble rupture, roughly
estimated from SEM pictures)
c (proportionality constant relating the partial
pressure of devolatilization gases in the single
central bubble to that overall generation rate)
A (weight ratio of coke to secondary gases, G2,
obtained from Fong (1985))
Kgo# (pre-exponential constant of primary reaction)
Ea# (activation energy of primary reaction)
G # (ultimate yield of primary gases)
13 wt%
25 wt%
62 wt%
298 K
623 K
30 K
50 dyne/cm
35 pm
1.46 gm/cm 3
1.30
22 pm
3 wt%
5.8 pm
45.
1.25
1x101 3 sec-1
29.2 Kcal/mole
3 wt%
7 : obtained from Suuberg (1977) and Fong (1986).
# : estimated from the results of Unger and Suuberg (1981) and Oh (1985).
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Figure I.11. Molecular weight distribution (solid line) for decomposition
of coal to liquid metaplast, estimated from the summation
of equally-weighted molecular weight distributions of 1 atm
tar (dot line) and 1 atm extract (dash line) obtained from
Oh (1985).
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Figure 1.12. Comparison of experimental and calculated tar yields for
pyrolysis of Pittsburgh seam no. 8 bituminous coal at
atmospheric pressure. x : Suuberg's data (1977). o : results
calculated from the C model using parameters listed in
Tables 1.2, 1.3, and 1.4.
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Figure 1.13. Comparison of experimental and calculated weight loss for
pyrolysis of Pittsburgh seam no. 8 bituminous coal at
atmospheric pressure. x : Suuberg's data (1977). o : results
calculated from the C model using parameters listed in
Tables 1.2, 1.3, and 1.4.
A n f)
Table 1.4. Chemical and physical parameters at different ambient
pressures, obtained by fitting the C model to the data of
Suuberg (1977) and Caron (1979)
Parameter Vacuum 1 atm 69 atm
Temperature of 670 - 700 K 670 - 700 K 670 - 700 K
bubble-rupture
(n*) (190.) (45.) (0.)
Klo (sec-1 ) 4x103  4x103  4x103
Eal (Kcal mole) 17. 17. 17.
K20 (sec- ) 1.45x104  1.45x104  1.45x104
Ea2 (kcal/mole) 20. 20. 20.
C (of Deff) 1.8x10 "9  1.8x10-9 6.5x10 -9
(cm2/sec)
R. (cm) - 60 im
Kwo (sec-1) - 3.4x108
Eas (kcal/mole) - 20.
Etar (wt %) 6.0 2.8 0.04
Cw.l. (wt %) 7.3 5.0 6.4
6tar & w.1. (wt %) 6.6 3.8 4.3
* : x is not regarded as a variable in the fitting of tar yield, since
the bubble rupture is fixed at 670 to 700 K.
# : not used.
C : coefficient of Deff-
e : standard error of estimate, subscripts denote the error is estimated
from tar yield (tar), weight loss (w.l.), or both (tar & w.l.),
defined as { X(Ymodel -" exp.)2 1/ 2
Nd 
-Np
Ymodel, Yexp : fitted and experimental data.
Nd, Np : number of data and independent fitted parameters.
R, : defined in Figure I.10.b.
Kwo- Kso'p, -S
Subscript 1 : primary reaction.
Subscript 2 : secondary reaction.
Subscript s : heterogeneous tar cracking/coking reaction.
Fitted parameters are written in italic type.
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Figure 1.14. Mass fractions of products for atmospheric pressure
pyrolysis of Pittsburgh seam no. 8 bituminous coal with the
time-temperature history shown in the right-upper corner,
calculated from the C model using parameters listed in
Tables 1.2, 1.3, and 1.4.
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Figure 1.15. Comparisons of metaplast formation rate, metaplast
decomposition rate, and mass transfer rate of tar as
calculated from the C model, using parameters listed in
Tables 1.2, 1.3, and 1.4. The pyrolysis occurs under
atmospheric pressure and has the time-temperature history
shown in Figure 1.14. Right-upper corner: physical melting
rate of pre-existing metaplast.
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of coal decomposition (primary reaction), metaplast decomposition
(secondary reaction), and tar evolution (mass transfer) for pyrolysis
corresponding to Figure 1.14. As seen, metaplast formation occurs faster
than metaplast decomposition during the heat-up period. The formation
rate is lower than the decomposition rate after the former reaches its
peak, due to both depletion of the unsoftened coal and a lower rate
constant. The tar evolution rate exhibits two peaks. The first one is due
to quick release of metaplast from the particle surface and the bubble
interface to the surroundings, shortly after the occurrence of bubble-
rupture. The metaplast present at this moment is mainly generated from
the physical melting of pre-existing metaplast, whose rate is shown in
the right-upper corner of Figure 1.15. Obviously, the physical melting
occurs faster but in a much shorter time interval than the primary
reaction. The second peak reflects the coupled effects of temperature and
metaplast formation and decomposition.
Comparison of the tar evolution rate and the chemical reaction rates
shown in Figure 1.15 shows that at low temperature (< 850 K) mass
transfer is a dominating step in competition with the metaplast
decomposition reaction. In the range of 850 to 950 K, the metaplast
decomposition rate becomes comparable to the mass transfer rate, but is
still less than the mass transfer rate. The importance of metaplast
decomposition continuously increases with temperature. The metaplast
decomposition rate reaches its maximum value at the peak temperature,
1315 K, where the rate is three time greater than the mass transfer rate
of tar. The concept of shifting tar escape mechanisms from primary mass
transfer controlled at low temperatures to partially reaction controlled
at high temperatures receives supports from Unger and Suuberg (1984).
In an analysis of relative resistance of internal (liquid phase) and
external (vapor phase) mass transfer, calculated from the C model,
internal mass transfer is believed to be the controlling step in the mass
transfer processes except at low temperatures (< 500 K). This mass
transfer mechanism is quite different from that proposed by Unger and
Suuberg (1981) who believed metaplast evaporation from the particle
surface (external mass transfer) is the rate controlling step for tar
release.
In comparisons of the rates of metaplast formation and decomposition
in Figure 1.15 and of their rate constants in Table 1.4, it is found that
the maximum rate of metaplast formation is attained prior to the maximum
rate of metaplast decomposition, thus resulting in the maximum tar
evolution rate. This situation occurs around the temperature at which the
rate constants of metaplast formation and decomposition are equal.
Therefore, it is considered that a maximum tar yield may be obtained when
pyrolysis occurs with a peak temperature near this value. This
observation is consistent with Suuberg's (1977) data (see Figure 1.12)
and also with Oh (1985), Ko (1988), and Griffin (1989).
The particle swelling ratio and the bubble pressure consisting of
the partial pressures of tar, trapped ambient gas, and pyrolysis-
generated gases during pyrolysis are presented in Figure VI.16. The
predicted time-resolved swelling ratio for a particle of 35 pm-initial
diameter qualitatively agrees with the results shown in Figure 1.6 which
is for particles with diameters of 69 - 75 Am.
Figure VI.17 shows the predicted M.W.D. of tar from the C model at
0.22 0 24 0.26
Time (Second)
Figure 1.16. Internal bubble pressures and corresponding swelling ratio
during pyrolysis of Pittsburgh seam no. 8 bituminous coal,
calculated from the C model using parameters listed in
Tables 1.2, 1.3, and 1.4. The total bubble pressure
consists of the partial pressures of tar vapor, thermally-
generated gases, and trapped ambient gas. The time-
temperature history for this calculation is shown in Figure
1.14.
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Figure 1.17. Comparison of molecular weight distributions of tar for
pyrolysis of Pittsburgh seam no. 8 bituminous coal at
various peak temperatures and atmospheric pressure,
calculated from the C model using parameters listed in
Tables 1.2, 1.3, and VI.4.
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different peak temperatures. It appears temperature has little effect on
the M.W.D., which is consistent with experimental results (Unger and
Suuberg, 1981).
It is well known that weight loss decreases with increasing ambient
pressures in softening coal pyrolysis. Low pressure, essentially vacuum,
results in higher total volatile yields. The main increase is attributed
to tar yield (Howard, 1981). In this study, the experimental vacuum tar
yields taken from Suuberg (1977) and Caron (1978) are also fitted by the
C model. Figure 1.18 shows the comparison of experimental and predicted
tar yields and weight loss from vacuum pyrolysis. The fitted parameter
values and standard errors of estimate are presented in Table 1.4. As
seen in Figure 1.18, the predictions are generally in good agreement with
the experimental data. In addition, the C model gives good predictions of
weight loss (not shown). The physical and chemical parameters obtained at
vacuum conditions are the same as those obtained at atmospheric pressure.
It is considered that the greater yields of tar and the higher weight
loss under vacuum are mainly due to the higher temperatures during the
longer cooling period. This explanation is only suitable for pyrolysis
having the time-temperature similar to those of Suuberg (1977) and Caron
(1978) but is not a complete explanation for those have a holding time at
the peak temperature (referred to as 'ultimate' yield). Anthony et al.
(1975), Niksa et al. (1982), and Bautista et al. (1986) have observed
that the ultimate weight loss at atmospheric pressure is lower than that
at vacuum. The reasons for such differences are presented later.
It is generally accepted that the decrease of weight loss at
elevated pressures is because higher pressure prolongs the residence time
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Figure 1.18. Comparison of experimental and calculated tar yields for
pyrolysis of Pittsburgh seam no. 8 bituminous coal under
vacuum. x : Suuberg's data (1977). A : Caron's data (1979).
o : results calculated from the C model using parameters
listed in Tables 1.2, 1.3, and 1.4.
of tar in the coal particle, which favors coke and gas formation
reactions at the expense of tar production. According to Wanzl (1987), it
is believed that many small bubbles (see Figure I.10.a) rather than a
single, central bubble are formed at high pressures. Mackowsky and Wolff
(1964) reported that pore diameter and pore number increase with
increased particle size. Since increasing particle size and increasing
pressure both result in decreasing weight loss from Pittsburgh seam no. 8
bituminous coal (Anthony et al., 1975), Mackowsky and Wolffs' findings
also suggest that many small bubbles may exist inside the coal particle
under high pressures. It is considered in the present study that the
porous structure of coal physically prevents tar vapor inside the
particles from quickly escaping and thereby extends its residence time
for further secondary reactions, even though the liquid-phase diffusion
may still dominate the mass transfer processes at high temperatures and
high pressures, according to a relative resistance analysis for internal
and external mass transfer.
Serio et al.s' (1984, 1987) studies suggest that homogeneous
secondary reactions of tar vapor are unlikely responsible for the
decrease of weight loss at high pressures. Hence, only the heterogeneous
tar cracking/coking reactions are considered in the modified C model;
namely, tar decomposes and repolymerizes into gases and coke on the pore
surface when the tar percolates through the porous particle. This type of
reaction has been widely reported. Experimentally, the coke yield
increases with increased pressures and temperatures.
The strategy here is to let the coefficient of Deff account for the
morphology change and the parameters Rw, Kwo, and Eas account for the
heterogeneous tar reactions. The comparison of the experimental and
predicted tar yield is shown in Figures 1.19 and the corresponding
fitting parameters are given in Table 1.4. The predicted tar yields are
again in good accord with the experimental results. A sensitivity
analysis of the relation between R• and Kwo was conducted. It appears
that both parameters are mutually dependent. Therefore, the value of ~,,
in Table 1.4 is arbitrarily chosen, thus allowing Kwo to be responsible
for the fitting.
As seen in Table 1.4, the coefficient of Deff fitted at 69 atm is
greater than that at low pressures. This result indicates that at the
higher pressures the evolution rate of tar from the liquid metaplast is
greater. This is because the average length scale for intra-metaplast
transport (Figure I.10) is reduced from that at lower pressures (Figure
1.8) and the pore surface area for volatile escape is increased due to
the formation of a large amount of small bubbles caused by the high
pressure. Here, the evolution rate of tar from the liquid metaplast does
not mean the evolution rate of collected tar. The higher evolution rate
of tar from the liquid metaplast is more obvious at temperatures below
1000 K in Suuberg's 69 atm data, when a large fraction of coal has not
pyrolyzed and secondary reactions (both liquid and vapor phases) are not
severe. The tar yields in this temperature range are not affected by the
ambient pressure but the pyrolysis time at 69 atm is twice shorter than
that under 1 atm, thus suggesting that the tar evolution rate is twice as
high under 69 atm. This result also receives supports from Niksa et al.
(1982). They measured time-resolved weight loss from pyrolysis of
softening coal heated at 103 K/s to 1023 K and at various pressures up to
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Figure 1.19. Comparison of experimental and calculated tar yields for
pyrolysis of Pittsburgh seam no. 8 bituminous coal under
69 atm. x : Suuberg's data (1977). o : results calculated
from the modified C model using parameters listed in Tables
1.2, 1.3, and 1.4.
34.5 atm. Their results show that the weight loss at 34.5 atm is twice as
high as that at vacuum during the early stage of pyrolysis.
Figure 1.20 shows the rates of metaplast formation, metaplast
decomposition, tar vapor cracking and coking, and evolution of collected
tar. At 69 atm, the heterogeneous tar destruction reaction is
significantly increased at temperatures greater than 1000 K. It appears
that the surface-induced tar cracking/coking reaction in the vapor phase
is about twice as slow as that in the liquid phase. Both vapor and liquid
phase reactions occur in the same temperature range. By comparing Figure
1.20 and 1.15, the above discussion of a higher evolution rate of tar
from the liquid metaplast at a higher pressure is clear, particularly at
temperatures below 1000 K. The comparison also shows the evolution rate
of tar from the liquid metaplast at 69 atm is severely reduced when the
temperature is elevated over 1000 K, thus the evolution rate of collected
tar is much lower. The reduction of the tar evolution rate is primarily
due to the heterogeneous tar cracking/coking reaction.
Agglomeration of softening coal can occur during pyrolysis. A
general observation is that particle agglomeration occurs at elevated
pressures but not at vacuum (Nadziakiewicz, 1958; Niksa et al., 1982;
Bautista et al., 1986). The increase of particle volume by agglomeration
may have an effect equivalent to that of pressure (Anthony et al., 1975);
namely, more bubbles are formed both within the particles and in the
region defined by the connected particles. As discussed before, such
porous structure provides a good medum for heterogeneous tar
cracking/coking reactions. The agglomeration-induced effect might be the
reason for the decrease of ultimate weight loss at atmospheric pressures
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Figure 1.20. Comparison of rates of metaplast formation, metaplast
decomposition, tar vapor cracking and coking, and tar
mass transfer for pyrolysis of Pittsburgh seam no. 8
bituminous coal, as calculated from the modified C model,
using parameters listed in Tables 1.2, 1.3, and 1.4. The
pyrolysis occurs at 69 atm and has a time-temperature
history shown in the right-upper corner.
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comparing to that at vacuum (Anthony et al., 1975; Niksa et al., 1982;
Bautista et al., 1986).
Several researchers (Gibbins-Matham and Kandiyoti, 1988; Freihalt
and Seery, 1983; Niksa et al., 1982; Griffin, 1989) have experimentally
studied the effects of heating rate ranging from 1 to 104 K/sec. Their
results suggest that the asymptotic total volatiles and tar yields can be
reached at around 10 to 100 K/sec, i.e., the ultimate volatiles yields
vary significantly with increasing heating rate at low heating rates.
Hamilton (1981) and Gray (1988) have observed significant variations of
particle morphology and plastic behavior in softening coal pyrolysis with
changes in heating rate and suggested that these phenomena are probably
associated with the general trend of volatiles evolution discussed above.
Based on the results of Hamilton (1981), Griffin (1989), and Zygourakis
(1988), the schematic cross-sections of particle reflecting the effect of
heating rate are presented in Figure 1.21.
In the C model, the particle morphology change is considered to be
responsible for the effect of heating rate and is described by the
coefficient of Deff. To have a better understanding of the above picture,
the heating rates of 102, 103, 5x103 K/sec under 1 atm were applied in
the C model with the time-temperature histories shown in Figure 1.22. The
coefficient of Deff was the only parameter adjusted to ensure that tar
yields are independent of heating rates, in accordance with the
experimental results for this heating rate range. As seen in Table 1.5,
when the heating rate increases, the coefficient of Deff (and hence also
Deff) increases, i.e., the diffusion length for liquid metaplast
decreases, which is a result of the formation of more bubbles and pores.
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Table 1.5. Parameters at various heating rates
Heating Rate
(K/sec)
Coefficient of
Deff (cm2/sec)
Weight Loss
(wt %)
Tar Yield
(wt %)
8.0x10-10 *
1.8x10"9 #
1.9x10-9 *
57.0
57.0
57.0
26.9
26.9
26.9
* : This value gives the same results of weight loss and tar
yield as those obtained at 103 K/sec.
# : This value is taken from the result fitted to Suuberg's 1 atm
data (1977) (see Table 1.4).
2.0 40 60 8.0 10.0
Time (sec)
Figure 1.22. Comparison of mass transfer rates of tar at atmospheric
pressure and various heating rates. The parameters for the
calculations are listed in Tables 1.2, 1.3, and 1.5.
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The results are consistent with the previous discussion.
In Figure 1.22 as the heating rate increases, the maximum evolution
rate of tar is shifted to higher temperatures (specially marked between
102 and 103 K/sec) and its magnitude is increased. The effect of
increasing heating rate becomes less significant and likely reaches a
limit.
Niksa et al. (1982) observed an increase of weight loss with the
increased heating rates, 102 to 104 K/sec, under vacuum. Similarly,
Gibbins-Matham and Kandiyoti (1986) reported as much as 10 % greater
total volatiles at 103 K/sec than 1 K/sec. The results can be explained
by the variations of particle morphology. At vacuum, higher heating rates
are more effective in increasing bubble inventories, because of the
initially lower bubble concentration formed at reduced pressures. Thus at
vacuum, higher heating rates reduce the average liquid-phase diffusion
lengths, thereby causing a higher evolution rate and a higher weight
loss. Figure 1.23 shows schematically how different combinations of
ambient pressure and heating rate affect particle morphology.
The fast heating rate does reduce the duration of plasticity and
promote the onset of resolidification to a higher temperature as shown in
Figures 1.24 and 1.25, respectively. The results are in accord with the
experimental observations of Fong et al. (1986b).
A general observation of the effect of particle size is that weight
loss and tar yield decrease with increased particle size (Howard, 1981).
The causes for this result are believed to be greater resistance of
volatile escape and enhancement of secondary reactions within the larger
particles. A more detailed picture of these causes can also be described
High Heating Rate
High Ambient Pressure
Low Heating Rate
High Ambient Pressure
High Heating Rate
Low Ambient Pressure
Low Heating Rate
Low Ambient Pressure
Figure 1.23. Cross-sections of particle morphology changes at various
heating rates and ambient pressures for pyrolysis of
softening coal.
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in terms of the variation of particle morphology. Larger particles are
more likely agglomerated together, which helps the development of
intraparticle and interparticle bubbles and pores. The particle size
effect on the particle morphology and in turn on the weight loss is more
pronounced under vacuum (Niksa et al, 1982), since agglomeration does not
likely occur (Bautista et al, 1986). The above discussion suggests an
effect of particle size equivalent to the effect of pressure (Anthony et
al., 1975). Because of the dependence of the particle morphology on the
particle size, the variation of Deff referred in the C model is expected.
1.5. CONCLUSIONS
The major conclusions from this experimental work are as follows:
(1) Significant morphology changes occur during rapid pyrolysis of
Pittsburgh seam no. 8 bituminous coal under atmospheric pressure. At the
heat-up stage of pyrolysis, bubbles can be initiated from fissures.
Further pyrolysis causes the formation of balloon-like cenosphere in
which one (or a few) large, central bubble(s) is surrounded by many small
bubbles.
(2) Maximum swelling occurs at a relatively early stage of
pyrolysis. At the time of maximum swelling, cenosphere, thin shell, and
blow holes are well developed. Typical average shell thicknesses are in
the range of 4 to 8 ym. A major fraction of coal is volatilized after the
occurrence of maximum swelling because volatiles can escape through the
particle surface and the bubble interface. At the final stage of
pyrolysis, large blow holes, small shell fragments, and surface
contraction are observed.
(3) During pyrolysis, the particle volume increases dramatically.
The small particles have a small swelling ratio. Large, central bubbles
seam more likely to exist in the smaller particles.
Based on the successes of the C model, several specific conclusions
are drawn and summarized as follows.
(1) The assumption of rapid physical melting occurring over short
temperature intervals early in pyrolysis is supported. The metaplast
formation occurs faster than metaplast decomposition during the heat-up
period.
(2) At low temperature (< 850 K) intra-particle mass transfer of
metaplast is a dominating rate process in competition with the metaplast
decomposition reactions. In the range of 850 to 950 K, the metaplast
decomposition becomes comparable to the mass transfer, but still less
than mass transfer. Further increasing temperature can shift the tar
escape mechanisms from primarily intra-particle mass transfer controlled
at low temperature to partially reaction contolled at high temperature.
Internal (liquid metaplast phase) mass transfer is the controlling step
in the mass transfer processes except at low temperature.
(3) Many small bubbles rather than one (or a few) central bubble(s)
formed inside the particle physically prevent tar vapor inside the
particle from quickly escaping thereby extend the residence time of tar
for further heterogeneous tar cracking/coking reactions. These reactions
occurring at the expense of tar production is responsible for the
decrease of tar yield at higher ambient pressures.
(4) The particle morphology changes may be responsible for the
effects of heating rate and particle size on tar yields. These changes
may also account for the variation of effective diffusivity of metaplast
in the C model.
1.6. NOTATION
C - coefficient of effective diffusivity of metaplast, Deff, cm2/sec
Deff,j - effective diffusivity of individual metaplast species, cm2/se
DMj,1 = liquid diffusivity of metaplast, cm2/sec
DMj ,v = vapor diffusivity of metaplast (or tar), cm2/sec
E - mass fraction of coke generated from metaplas
Ea =- activation energy of primary reaction, Kcal/mole
Ea2 - activation energy of secondary reaction, Kcal/mole
Eas - activation energy of heterogeneous tar cracking/coking reaction,
Kcal/mole
f(Mw) - constant molecular weight (Mw) distribution function for
metaplast species generated from primary reactions of coal,
shown in Figure I.11
fa - mass fractions of moisture and ash
G - mass fraction of total devolatilization gases
GI - mass fraction of primary gases, generated from pre-existing
metaplast
Gl - mass fraction of ultimate yield of primary gases
G2 - mass fraction of gases, generated from secondary reaction of
metaplast
Klo - pre-exponential constant of primary reaction, 1/sec
K2o = pre-exponential conatant of secondary reaction, 1/sec
Kso - surface-based pre-exponential constant of heterogeneous tar
cracking/coking reaction, cm/sec
Kwo - Kso.P*-Sp
p - mass fraction of metaplast generated from pre-existing metaplastS- mass fraction of overall metapalst
Mw - molecular weight of metaplast
Mwl - minimum molecular weight of metaplast
Mwn - maximum molecular weight of metaplast
m - heating rate, K/sec
Pa (P) - ambient pressure, atm
Pb = bubble pressure, atm
R1 = particle radius, cm
R2 - bubble radius, cm
R1 = particle swelling rate, cm/sec
R2 - bubble expansion rate, cm/sec
R. defined in Figure I.10.b, cm
r - spherical coordinate, cm
rm - physical melting rate, 1/sec
S - pore surface inside a particle, cm2
- temperature, K
AT - temperature difference, K
Tz - mean melting temperature, K
To - initial temperature, K
Tpeak - peak temperature, K
t - time, sec
At - time difference, sec
Tar - mass fraction of tar
U - mass fraction of pre-existing metaplast
UC - mass fraction of unsoftened coal
V - volume of particle shell, cm3
Zj - Z(t, Mw, r) - metaplast concentraction inside particle
aT - standard deviation of Gaussian distribution function for
physical melting, K
as - surface tension, dyne/cm
A - weight ratio of coke over secondary gases
p - apparent viscosity of coal melt, poise
= - constant relating to partial pressure of devolatilization gases
in the single, central bubble to it overall generation rate
pp = particle density, gm/cm 3
X - molecular weight distribution of tar
All mass fractions are based on the initial coal mass.
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CHAPTER II. INTRODUCTION AND BACKGROUND
II.1. INTRODUCTION
During pyrolysis of plastic coals to useful volatiles, the
distribution and yields of pyrolytic products are strongly affected by
the combined intra-particle effects of chemical reactions, volatiles
transfer processes, and transient plastic behavior of coals. In order to
obtain better understanding of overall coal conversion processes and
more effective means for coal utilization, studies of chemical kinetics
and mass transport mechanisms of pyrolysis are essential.
In several coal conversion precesses of practical interest, coal
particles are heated to a high temperature at a high heating rate.
During the heating process, softening coals form a fluid-like viscous
mass (called metaplast) via physical melting and pyrolytic bond breaking
from coal. The metaplast further decomposes to gaseous volatiles, light
hydrocarbons as well as heavy components and repolymerizes to
high-molecular-weight products and char. Following metaplast formation,
pre-existing pores of macro and intermediate size may seal off perhaps
due to surface tension forces, providing a medium for bubble formation
(0h,1985). The bubbles subsequently grow by the influx of gaseous
volatiles generated from the molten phase and by the diffusion and the
evaporation of high-molecular-weight hydrocarbons which are characterized
as tar species. With the break-through of bubbles on the particle
surface, the tar and the light gases are released. It is recognized that
the growth and escape of gas-filled bubbles is an important process for
the evolution of tar and gases, in addition to the diffusion of volatiles
through the metaplast to the particle surface (Lewellen, 1975; Howard,
1981; Oh, 1985). Creation of a deformable liquid phase, bubble
generation, growth and escape from the thermally-induced plastic coals
can lead to significant particle swelling. The viscous mass may be
depleted due to transport, secondary reaction and repolymerization,
eventually leaving behind a porous residue.
The results of pyrolysis experiments reviewed by Howard (1981),
Gavalas (1982), and Suuberg (1985) suggested that mass transfer, chemical
reactions as well as physical properties of transient plastic coals are
strongly influenced by heating rate, pressure, temperature, and particle
size. Neverthless, little progress has been made in quantitative
descriptions of these coupled effects and of their influence on the
overall devolatilization dynamics.
The main objectives of the present work are to quantitatively model
the devolatilization behaviour of softening coals including the effects
of intraparticle transport and kinetics and the independent effects of
reaction temperature, pressure, particle size, and heating rate on
volatiles yields and extent of particle swelling during pyrolysis.
11.2. BACKGROUND
The following literature survey is divided into two sections
discussing first previous experimental works and secondly modeling
efforts in developing relationships between the experimental results and
the mathematical analysis of chemical kinetics, mass transfer, and
plastic behavior of coal during pyrolysis. All the reviews will be
focused on the high-heating-rate pyrolysis of softening coals, at
temperatures above the melting point.
11.2.1. EXPERIMENTAL STUDIES
If coal pyrolysis is free of heat and mass transfer limitations, the
devolatilization products and their compositions would be chemically
controlled only. Experimental studies show that devolatilization yields
and volatiles cmposition are affected by pyrolysis temperature, pressure,
heating rate, particle size and other factors.
Anthony et al. (1974), Suuberg (1977), Oh (1985), and Fong (1986)
studied pyrolysis of Pittsburgh Seam #8 bituminous coal in a screen
heater under various conditions. Figure II.1. shows the pyrolysis
product distribution and the yield of pyridine extract as a function of
peak temperature at one atmosphere. The data in Figure II,1A. represent
integral yield when coal is heated to a peak temperature at 1000 *C/sec
and then immediately subject to natural cooling., Differences between
curves represent the yield of the product indicated. Organic volatiles
that condensed in the reactor at room temperature are defined as tar and
liquids. The pyridine extract denotes the intra-particle inventory of
liquids at time of quenching.
At low temperature, as temperature increases up to 400 *C, the yield
of extract decreases due to the loss of light gases (H20, C02, and CO)
and the absence of significant metaplast formation. When temperature
increases above 350-400 *C, i.e. the melting point, a significant
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increase of extract and tar occurs. Further increasing temperature over
550 *C leads to completion of liquid formation, a faster rate of tar
transport, and a decline in the yield of pyridine extractables which is
due to secondary cracking and repolymerization within the coal
particles. Very little increase of tar yield and gaseous yield may be
observed at temperatures above 1000 *C. These general trends in pyrolysis
products yields as a function of temperature are also observed by
Bautista et al. (1986).
Tar, the most abundant and valuable product, contributes to 50 - 80
% of weight loss (Gavalas, 1982), being a mixture of many compounds with
molecular weight in the range of 100 - 1300 gm/mole. Suuberg (1983,1984),
Oh (1985), and Fong (1986) analyzed the molecular weight distributions of
pyridine extracts and tar. The effect of peak temperatures on the average
molecular weight of tar is shown in Figure 11.2. At temperature 525 *C,
the extract molecular weight reaches a maximum.
Figures II.3.A. and II.3.B. are respectively obtained from the works
of Anthony et al. (1976) and Suuberg (1977) for a Pittsburgh Seam #8
bituminous coal. The figures show the weight loss and tar yield vs
temperature at two different pressure levels. Pressure appears as an
effect only when temperature rises beyond a certain value. Figures 11.4.
and 11.5. respectively show the weight loss and tar yields at 1000 *C, as
affected by different pressure. The general trend is that as pressure
external to the particle increases, the yield of tar and total volatiles
yields decrease, while the yields of hydrocarbon gases increase. These
observa tions are general in agreement with the results obtained by Belt
(1971), Anthony et al. (1975), Gavalas et al. (1980), Arendt et al.
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Figure 11.2. Number average molecular weight of tar and extract: A, 1
atm; B, vacuum. (Oh, 1985)
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Figure II.3.A. Effect of pressure on weight loss from coal heated to
different peak temperatures in H2 and inert atmospheres;
heating rates - 65 - 750 *C/s; mean particle diameter - 70
pm; residence time - 5 - 20 s. (Anthony et al, 1976)
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Figure II.4. Effect of pressure on weight loss in the pyrolysis of
Pittsburgh Seam bituminous coal. Final (holding) temperature
1000 *C; experimental time, 5-20 s; mean particle diameter,
70 pm; atmosphere, helium; nominal heating rate (*C/s),
10,000 (0), 3000 (0), 650-750 (0). Curves: solid,
uncorrected for cracking deposition on sample holder;
dashed, corrected for cracking deposition on sample holder.
(Anthony et al, 1976).
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(1981), Niksa et al. (1982), Oh (1985), and Bautista et al. (1986). The
decrease of total volatiles is primarily attributed to lower tar
yields. According to Howard (1981), this is basically due to the
decomosition of tar into heavier and light components. Following the
increase of pressure, the higher resistance to the escaping of volatiles
from the particles increases the time available for these decomposition
reactions.
The effects of atmospheric pressure and vacuum on the molecular
weight distribution of tar and pyridine extracts from bituminous coal was
studied by Oh (1985). Her results (Figure 11.2.) show a larger molecular
weight for vacuum tar than for atmospheric tar, and for vacuum extracts
vs those from atmospheric pressure pyrolysis.
Few experimental data are available for the dependence of product
yields on particle size, partially due to failure to control other
variables such as temperature and temperaturetime history (Howard, 1981)
and partially due to difficulties of particle-size-characterization,
e.g. sample agglomeration into a layer on a screen heating reactor.
Howard and Essenhigh (1967) found no effect from particle size by using
pulverized coal, neither did Badzioch and Hawksly (1970) and Bautista et
al. (1986). Anthony et al. (1976) (Figure 11.6) studied the effect of
particle size on weight loss from Pittsburgh Seam #8 coal. Similar
results were also obtained by Suuberg (1977), Gavalas and Wilks (1980),
and Niksa (1982). Generally total volatiles yields and tar yield decrease
with increasing particle size. These observations are in accord with the
view that larger particles retain volatiles for a longer residence time,
thus increasing the chance for secondary reactions. Anthony et al. (1975)
70
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_ ATemperauture = 1000 *CI Residence Time = 10 Secs
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Figure II.6. Effect of particle size on weight loss from bituminous
coal. (Anthony, 1974)
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suggested that "increased particle size should have an effect
qualitatively similar to that of increased pressure".
For particles larger than a certain size, the experimental results
may reflect internal heat transfer limitations. Gavalas (1982) derived a
criterion for the absence of heat transfer and mass transfer limitations.
The results probably reflect uncertainties in certain chemical and
physical properties of the coal. However they are useful for defining
approximate ranges of operation conditions where particle size via mass
and heat tranfers effects influences product yields. More recent work by
Hajaligol et al. (1987) is also providing information on effects of
intra-particle heat transfer.
The effects of heating rate on devojatilization were studied by
several researchers under different experimental conditions. Although
some (Peters and Bertling, 1965; Mentser et al., 1974) claimed that a
rapid heating rate gave a higher yield of volatiles than that from a low
heating rate, Anthony (1974) varied the heating rates in the range of
650-10,000 *C/sec while fixing all other variables. The results showed no
significant influence on volatiles yield from heating rates. Juntgen and
Van Heek (1968) and Suuberg (1977) observed the same results for the
heating rates, 10-2-105 *C/min, and down to 270 C/min, respectively, so
did Graff et al. (1976) at heating rates from 650 to 1400 *C/s. Howard
(1981) reviewed pertinent literature and suggested that "the yield
increases sometime attributed to heating rate probably result primarily
from the associated experimental conditions employed to achieve the
faster heating", and that temperature and secondary reactions, not
heating rate per se, are primarily responsible for the higher yields.
Other investigators such as Kobayashi (1977) and Blair (1977) also
observed no effects of heating rate on volatiles yield. Neverthless, a
higher heating rate means that in a given time, a higher temperature can
be abtained and a correspondingly higher weight loss achieved, hence
implies an increase in the devolatilization rate (howard, 1981). This
point agrees with the work done by Juntgen and Van Heek (1968). They
observed an increase in the temperature of a maximum evolution rate, and
a broadening of the temperature range for a given extent of evolution,
with increasing heating rates. Loison et al. (1963) observed increases in
maximum plasticity, extent of swelling, and temperature range over which
coals were plastic, with increasing heating rates. Other investigations
of heating rate on plastic properties are reported by Hamilton (1980,
1981).
During the pyrolysis of bituminous coal, significant increases in
particle volume may occur due to the expansion of plastic coal mass by
pyrolysis-generated gases and by bubble formation. Several researchers
have investigated the swelling of coals under different experimental
conditions. Their works are summarized in Table II.1. The swelling ratio
is defined as the swollen particle radius to the initial particle radius.
These previous works generally involved rapid heating to temperatures in
the vicinity of 1000 K with small particle size, of order of 100 pm, in
inert gases, or in air.
Optical and electron micrographs of chars from pyrolyzed bituminous
coal have been studied by several workers (Newall and Sinnatt, 1924,
1926, 1927; Lightman and Street, 1968; Street et al., 1969; Hamilton,
1979, 1980, 1981; Khan and Jenkins, 1986; Tsai and Scaroni, 1987). Four
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types of char morphologies are usually observed: thin walled hollow
cenospheres, thick walled hollow cenospheres, 'lacy' cenospheres with
many internal compartments (cavities), and solid particles (Lightman and
Street, 1968). Nearly all cenospheres have big and small passage-ways
connecting the internal cavities to the external surface. A major
observation is that swelling ratio generally assumes values between 1,0
to 2.0 regardless of variations of experimental conditions. Major trends
in particle swelling with pyrolysis temperature, pressure, heating rate,
and particle size are discussed in the following paragraphs.
Temperature: In many cases, the swelling ratio goes towards a maximum
with increasing temperature history; in some cases, the value remains
constant with further increases in temperature. The maximum swelling
ratio depends on other pyrolysis conditions (Matsunaga, 1978; Sung, 1977;
Dolan, 1980; Lowenthal et al., 1985,86). Lightman et al. (1967) and Pohl
et al. (1978) reported that no swelling occurred at 1300 and 1740 K,
respectively, for different coals.
Pressure: Seemingly opposite effects of pressure on swelling have been
reported. Increasing pressures external to the particles have been
reported to increase (Loison, 1963; Habermehl, 1981; Lightman and Street,
1968), to decrease (Khan and Jenkins, 1984), or have little effect
(Lancet,1982) on swelling. In recent experimental observations (Khan and
Jenkins, 1984,85,86; Culrose et al., 1984; Lowenthal et al., 1985,86),
swelling was observed to go through a maximum with increasing pressure.
Particle size: The effect of particle size appear to be a function of
heating rate and particle size itself. At low heating rates, the swelling
declines with increasing particle size (Khan and Jenkins, 1984; Maloney
et al., 1982), while at high heating rates the swelling depends on
particle sizes. For larger particle (of order 400-700 Am), the swelling
increases with increasing sizes (Shibaoka,1969). For small particles (of
order 100 Am), the opposite is true. This dependence on particle sizes
was also observed by Lowenthal et al. (1985,86).
Heating Rate: The swelling generally increases with an increase in
heating rate (Shibaoka et al., 1969; Hebermehl, 1981; Hamilton,
1980,81; Khan and Jenkins,1984; Lowenthal et al., 1985,96). Hamilton
observed that a limiting heating rate was noted beyond which an
increasing heating rate did not result in a significant increasing in
swelling. This is supported by Pohl et al. (1978), and Hebermehl. Khan
and Jenkins (1984) observed that at higher presure, swelling became
relatively less sensitive to heating rate and hence suggested that "at
elevated pressures, swelling is determined essentially by the fluidity of
the coal melt rather than the increased rate of volatiles formation due
to increased heating rate".
Other important factors in determining swelling ratio include
maceral composition (Lightman et al., 1968; Tsai and Scaroni, 1987),
ambient gases (Street et al., 1969; Tsai and Scaroni, 1987; Lowenthal et
al., 1985), and coal type (Khan and Jenkins, 1986; Street et al., 1968;
Lightman and Street, 1968) are also reported.
11.2.2. MATHEMATICAL MODELING
A few studies have been published on the mathematical modeling of
volatiles transport during softening coal pyrolysis. Most of them involve
individual or coupled effects of intra- or extra-particle volatiles
transport, chemical reactions, and some treat the changes in coal
morghology due to the transient plasticity. While significant progress
has been made, there requires great need for quantitative interpretation
and prediction of the effects of ambient pressure and particle size on
product yields. In this review, the main focus will be the models
pertaining to softening coal particles which are assumed to be free of
spatial temperature gradient through pyrolysis.
11.2.2.1. Anthony et al. (1975,1976)
Anthony et al. developed a model for the simultaneous diffusion and
secondary reactions of reactive species. Secondary reactions including
polymerization and cracking of volatiles (primary tar) within the coal
can form solidified materials within the particle, thus decreasing the
yields of volatiles. Gaseous reactive species generated by coal
decomposition are assumed either to leave the particle by diffusion or to
react and deposit solids on the particle interior surface. In addition,
the pore structure and void space within a pyrolyzed coal particle are
assumed to be constant and independent of temperature and concentrations
of reactive species. The rate of change of vapor-phase reactive volatiles
species in the particle is given as
Q - KcC -K1C - dC/dt
where Q - formation rate of reactive volatiles, Kc - an overall mass
transfer coefficient, C - reactive species concentration, K1 - rate
constant of the deposition reaction.
With the assumptions that a quasi-steady state exists for the
reactive volatiles concentration and that the mass transfer coefficient
is proportional to the diffusion coefficient of volatiles, i.e. Kc -
kc/P, where P is total pressure, the yield of reactive species, Vr*, is
Vr* - Vr** /(1.+KP/kc)
where Vr represents the total yield with no mass decomposition. They
concluded that since this model, successfully fitted data including the
effects of pressure and particle size on volatiles yield from bituminous
coal, diffusion influence but not necessarily diffusion control of
devolatilization was implied. Therefore, further understanding of
fundamental mechanisms of transport and secondary reactions is required.
11.2.2.2. Mills et al. (1976)
Mills et al. considered intra-particle mass transfer in softening
coals. Basically, their efforts were made upon pyrolysis phenomena by
formulating conservation equations of heat and solid species and gas mass
within a spherical particle to show the effects of particle size, ambient
temperature, heating rate, heats of reations and activation energies. The
particle was allowed to swell according to a foaming law. The reaction
scheme is
S PG  SG  TG
Coal IC --- Metaplast Semi-coke Coke
where PG, SG, TG respectively are primary, secondary, and tertiary gases
species; IC is intermediate solid coal. PG and SG include Tar vapor.
The model does not have the ability to predict the pressure effects
and has a difficulty in comparison of theory with experimental data
because of imperfect knowledge of key physical properties and chemical
parameters.
Further development of this model was carried out by James and Mills
(1976) by incorporating decomposition and evaporation type reactions. The
reaction scheme was modified to
SG
Coal ---- (Metaplast + Semi-coke) Coke + TG
-I Tar
Tar is assumed to be trapped in bubbles which foam the metaplast and to
be in equilibrium with the condensed phase. The bubble movement outwards
toward the particle surface provides the transport for pyrolysis
products. The bubble movement was assumed to result from the pressure
gradient across the particle radius due to the evolution of gaseous
volatiles. Although the latter model inplanted realistic conditions and
gave reasonable results of volatiles yields with pressures, its very high
prediction of void (bubble) fraction profile indicates that further
thinking is necessary on void formation and plastic flow.
11.2.2.3. Melia and Bowman (1983)
A model for volatiles evolution and swelling of a single particle
during pyrolysis was proposed by using a distributed activation energy
pyrolysis model and a three-zone coal plastic state model to acount for
various particle diameters and heating rates. The basic asumption for the
swelling is quite similar to Mills and James' model. The pressure
difference between the particle internals and its surface is presumed to
be the driving force for swelling and is calculated based on the similar
equations for flow through capillaries on packed beds. The model
"artificially" forces the predictions to match the data from Pohl et al.
(1978), which probably refect agglomeration effects. The model depends
on a large number of parameters which are not experimentally available.
The following three models presented by Suuberg et al. (1979),
Zacharias (1982), and Unger and Suuberg (1981) will be concerned with the
evaporation and diffusion of volatiles from the external particle surface
to the ambient gas. The basic assumptions are that (1) at the particle
surface the vapor phase and the liquid phase of tar (metaplast) are in
equilibrium, (2) effective intra-particle mass transfer resistance is
negligible, (3) the concentration of liquid tar is uniform throught the
particle, and (4) a pseudo-steady state exists for the evaporation
process in vapor phase.
11.2.2.4. Suuberg et al. (1979)
A general scheme is given as
Gases F --  Coke + Light Hydrocarbons
Coal Metaplast P Tar evolved
Coal particles are assumed to have a spherical geometry. The rate of tar
transport is related to its vapor phase diffusivity and its vapor phase
concentration. The latter is given by coupling the rate of tar generation
and decomposition in the particle. The gaseous products are assumed to
evolve independently of the tars. By adjusting rate parameters, tar
molecular weight distribution, or diffusion coefficient, the model shows
a reasonable agreement in the variation of tar-yield with pressures at
moderate ranges. For high pressures, tar yield is under estimated,
compared to experimental data.
11.2.2.5. Unger and Suuberg (1981)
Based on previous model in mass tranfer, this model focuses on the
kinetics of reactions. The model scheme is
repolymerization
S1 H2
Coal -- Metaplast - Tar (evolved)
H20, CO2  Hydrocarbon Gases, CO, CO2
The major differences of this model with the previous one are that the
polymerization is presumably associated with the kinetics of H2 evolution
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and it increases molecular weight of the metaplast, eventually resulting
in char. The metaplast is assumed to have a Gaussian molecular-weight
distribution.
A reasonable prediction for methane, hydrogen and tar yield at
atmospheric pressure is obtained, but the model fails to reliably predict
the yields of tar products under vacuum. Internal mass transfer is blamed
for this result.
11.2.2.6. Zacharias (1979)
This model is quite comparable to Suuberg's model. A significant
feature is a consideration of the geometry specific to the screen heater
reactor namely approximating the coal as a thin flat slab. The primary
tar formation is modeled as many independent parallel first-onder
reactions which are assumed to have a uniform distribution of activation
energies. Successful predictions of volatiles yields under vacuum and
atmospheric pressure are obtained. At high pressures, tar yield is under-
estimated. The model neither discribes the contribution of secondary tar
reactions to lighter volatiles yields nor predicts the effects of
particle size. Important assumptions of this model are that no mass
transfer limitation occurs during vacuum pyrolysis and that tar diffusion
in the vapor phase is the rate limiting step for tar evolution during
atmospheric presure pyrolysis.
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11.2.2.7. Suuberg and Sezen (1985)
The concept of external mass transfer being rate controlling was
later extended by accounting for internal mass transfer resistances. The
intra-particle transfer is assumed to occur by ordinary molecular
diffusion within a liquid phase (i.e. molten coal). The net formation of
this liquid (metaplast) is a result of competition between chemical
formation and destruction of tar precursor. The validity of this
conceptialization depends on the value of the diffusivity of tar
molecules within the coal. Recent estimates by Oh (1985) using
information on the apparent viscosity of molten coal derived by Fong
(1986) suggest that these diffusivities are too high for this model to
be rigorous.
11.2.2.8. Solomon and King (1984) and Solomon (1985)
A depolymerization, vaporization, and cross-linking model, which
describes the yield, molecular weight, and transport properties of tar
and the molecular weight distribution and cross-linking density in the
char, was proposed by Solomon and co-workers. This model is based on
several assumptions: (1) thermal decomposition to yield tar is due to the
equal cleavage of the only weak bonds between the monomer units in the
polymer molecules, (2) no concentration and temperature gradients exist
in the spherical coal particle whose radius is proportional to the cube
root of its mass in the heating process, (3) repolymerization of tar
species is not considered.
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The model accounts for the transport of depolymerization fragments
by vaporization and diffusion, and the molecular weight distributions, Qi
in the reacting polymer and Ni of the tar; i represents number (DP) of
monomer units in a polymer molecule. The changing rate of Qi is
dQi/dt - dFi/dt - dBi/dt - dNi/dt
where on the right-hand-side the first term is the formation rate of the
component, DP-i, from the decomposition of components with DP > i in the
reacting polymer; the second term is the disappearance rate of component,
DP-i, by chemical decomposition, and the third term is the transport rate
of fragments with DP=i from the particle as tar or gases. The transport
rate is same as the approach used by Suuberg's model (1979); namely, the
mass transfer is limited by the evaporation of Qi from the particle
surface. Formation of i by combination reactions of materials of smaller
DP (j and k, such that j + k - i) appears to be considered negligible in
this model.
Coupling the above equation with the functional-group pyrolysis
model also developed by Solomon et al. (1982, 85,86), allowed predictions
of tar yield in polymer pyrolysis.
They also developed a model to mathematically describe the swelling
behavior of coal, in terms of the growth of a single spherical bubble
located at the particle center. The equation for the particle swelling is
dr2  rl3r 2AP
dt 4)(r23-r1 3)
where rl and r2 are the bubble and particle diameters, respectively, p
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the viscosity of softened coal (metaplast). AP is the pressure difference
between the bubble and coal particle surface. The presure inside the
bubble is related to functional-group decomposition of coal and is
calculated by the functional-group pyrolysis model. A maximum swelling
ratio of order 4 is predicted at 1100 *C for an initial particle size of
50 pm.
Internal mass transfer control was assumed by Lewellen (1975) and Oh
(1985). A common assumption of their models is that bubbles serve as
volatiles carriers for intra-particle mass transfer and are thus
responsible for the evolution of tar and gases from bituminous coals.
Bubbles may be nucleated or originated from pores when the coal becomes
molten and the gases are generated by decomposition of liquid phase. The
major pathways for the volatiles evolution are (1) volatiles diffusion
through the molten phase to any vapor-liquid surface, i.e. pores, bubbles
or the particle surface, and (2) volatiles-filled bubbles transport
volatiles to the surroundings by escaping through the external suface of
the particle. Lewellen's model did not acount for external mass transfer.
11.2.2.9. Lewellen (1975)
A transport model, based on nulceation, viscosity-controlled growth,
coalescence, and escape of volatiles-filled bubbles, was developed for
volatiles evolution from softening bituminous coals. It is assumed that
all volatiles have same molecular weight whether tar or decomposed gases,
and the viscosity of the softening coal mass, which is related to viscous
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forces, is inversely proportional to the concentration of metaplast
formed by pyrolysis. Tar is released into bubbles at a mass-transfer-
controlled rate, i.e. the liquid phase mass transfer resistance to tar
transport from the coal melt to the bubble is accounted for. Secondary
reactions of volatiles flowing into bubbles might occur at the bubble-
molten interface. Bubble growth is governed by momentum conservation and
bubble motion is determined by the combined effect of viscous forces,
ambient and bubble pressures, and surface tension of the molten coal. The
model has quantitative short-falls, but does account for the fact that
softening coals swell and gives resonable qualitatively predictions of
effects of total external pressure and particle size on volatiles yields.
It thus along with the work of James and Mills (1976) opens the door for
more work in bubble-transport modeling.
11.2.2.10. Oh (1985) and Oh et al. (1989)
The Oh model is based on the coupled effects of primary and
secondary chemical reactions, volatiles transport, and transient plastic
behaviour during softening coal pyrolysis. The reaction and mass transfer
scheme is
to particle surface
Transport
to particle surface
- Gases
- Tar
Coal
es -
last
r
-----
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Most bubbles are hypothesized to originate from macropores in a solid
coal and to be uniformly distributed throughout the softened coal.
Secondary reactions are allowed to occur within bubbles and the liquid
phase. Metaplast vapor pressure, viscosity, and initial bubble number
density in the coal melt are important in implementing the model. The
model can predict the trends in volatiles yields, plasticity, and the
extent of swelling as affected by temperature, pressure, and heating
rate.
Detailed descriptions are given concerning the bubble transport.
From an engineering view, the model is mathematically complex. Also the
model overpredicts the extent of swelling observed in many experimental
studies which leaves the exact role of bubbles in volatiles transport in
need of further research.
11.2.2.11. Fong (1986)
Based on electron micrographs of char particles, Fong proposed a
single-large-bubble model for the swellirg of a plastic coal particle
during rapid heating. The reaction scheme is
thermal decomposition
cracking
Coal - Metaplast - Volatiles + a (coke)
physical melting
a - (coke mass)/(volatiles mass)
The idea for predicting swelling is that all volatiles-filled bubbles
trapped in the molten phase may be lumpped together and described by the
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extension of a single, large bubble, whose growth depends upon the time-
temperature history of the coal. The rate of bubble growth is governed
by: (A) the momentum balance between the bubble-molten coal interface
and the coal particle surface; (B) the continuity equation for the liquid
phase; and (C) the volume relation between the bubble and the particle.
The volatiles in the bubble are assumed to have a uniform molecular
weight and to be arbitrarily related to the metaplast concentration by a
constant. This model is quite simple mathematically and its predictions
of swelling are in qualitative accord with experimental data. No attempt
was made to predict volatiles yield with this model.
Despite the progress made with the two very different treatments of
bubble growth within softened coal particles by Oh and Fong, there
remains opportunity to further investigate the role of bubble in
volatiles transport and in coal swelling. In the following section, we
will discuss a new proposed devolatilization model, based on previous
experience and on literature observations on the morphology of chars from
pyrolysis of softening coals.
CHAPTER III. EXPERIMENTAL WORK
The objective of this study is to gain a fundamental understanding
of physio-chemical processes occurring in a high-volatiles bituminous
coal during rapid pyrolysis. An examination of morphological changes of
pyrolyzed coal char may provide useful information for further
mathematical modelling describing volatiles transport, chemical kinetics,
and changes in particle morphology.
Morphological changes in bituminous coal particles and changes in
related physical properties during pyrolysis were studied by several
investigators (Street et al., 1969; Lightman and Street, 1968; Tsai and
Scaroni, 1987). The general observation from these works is that
morphological changes involve (a) formation and expansion of bubbles due
to gas evolution and (b) rupture of bubbles through particle shell. The
present study was aimed at determining morphological changes of
Pittsburgh seam no. 8 bituminous coal due to pyrolysis temperature,
particle size and residence time. The study also includes examinations of
pore volume, swelling of particle volume, and shell thickness of
pyrolyzed coal char.
The experiments for char-sampling were conducted in an entrained
flow reactor at the Sandia National laboratory, Livermore. The subsequent
measurements of physical properties for the collected char were partially
carried out at SNLL, and partially at M.I.T..
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III.1. EXPERIMENTAL FACILITIES AND PROCEDURES
An entrained flow reactor was used for the sampling of char in this
study (Figure III.1). This reactor consists of feeding, heating, cooling,
and collecting systems and a reaction zone. Coal particles are placed in
a syringe and are gradually driven into a feeding tube by advancing the
syringe plunger with a stepping motor. Coal particles in the feeding tube
should be well diluted so that agglomeration of softened coal particles
does not occur in the reaction zone. This is accomplished by maintaining
a slow speed of the stepping moator and by use of an entrainment gas (N2
in this case) and a rotating brush. The feeding tube has a diameter of
0.0794 cm and is connected to a water-cooled injector. The entrained gas
(N2) serving as a heating medium in the reaction zone is preheated by
three furnaces (Fl, F2, and F3) whose temperatures are controlled by a
temperature controller.
In order to obtain a laminar flow of the entrained gas and to make
sure the particle flow paths are located at the center of the reaction
zone, a mullite honeycomb flow straighteners in the third stage heater is
used and the flow rate of the entrainment gas is carefully adjusted. The
reaction zone is in a quartz chimney with an internal 4.73x4.73 cm cross-
section. The position of the entire heating system is adjustable to have
a desired distance between the particle injector and the sampling probe.
The sampling probe having an internal diameter of 3/8 inch, is
schematically shown in Figure 111.2. The cross-section of the probe is
much larger than the spread area of the particle stream. The probe tip is
shapped so that the taper is on the probe exterior; particles therefore
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Figure III.1. The entrained flow reactor.
Air
System
Pump
109
I
110
Coal + Hot Gas
He Cooling
Water
To Tar Trap
and Char Filter
Figure III.2. The sampling probe.
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travel directly into the probe and do not deposed in the probe inlet.
Helium jets inside the probe tip quench both the entering gas and the
particles from the reactor. The interior wall of the probe consists of a
porous metal tube. Helium transpiring through this porous tube prevents
deposition of tars, soot, and other aerosols in the probe. The entire
prebe is cooled by a water circulation.
The quenched gases and helium then pass through a char filter (Pyrex
Wool. fiberglass) and tar trap (PVC membrane, circular diameter - 76 mm
and pore - 12 um) for the separation of char and tar (Figure III.1). Most
of the tar and aerosols (less than 5 pm diameter) follow the main flow of
gas and are deposited in the tar trap, while larger char particles are
collected on the char filter (Fletcher and Hardesty, 1987b). Carefully
adjusting suction rates of quenched gases and helium into the exhaust
system is necessary. A higher suction rate leads to more suction of hot
nitrogen into the probe, hence causing a slow cooling rate and possiblly
a heat-up of internal section of the probe which may destroy the probe
due to faster expansion of the porous tubine than its surrounding water
jacket. On the other hand, if the suction rate is too slow, the quenching
helium may overflow into the reaction zone and the pyrolyzed coal char
may never drop into the probe.
PROCEDURES
(1) Turn on the entire system and set the initial furnace
temperatures, which roughly correspond to the desired gas temperatures,
at least 16 hours prior to the experiments for the warm-up.
112
(2) Open the valve of the entrained gas, N2, and set its flow rate.
Adjust the furnace temperature to obtain the desired gas temperatures.
The adjustment is by try-and-error. The gas temperatures vs the distance
between the particle injector and the sampling probe are measured by a
thermocouple (Type R, (Pt)-(Pt+13%Rh), bead diameter- 100 um).
(3) measure the gas temperatures inside the sampling probe vs the
distance from the prob mouth, using a thermocouple (Type K, Chromel-
Alumel Alloy, bead diameter- 1/16 inch).
Once (1)-(3) are done, one is about ready to do the experiments.
(4) Set up the desired distance between the particle injector and
the sampling probe. Load coal particles in the syringe and set up the
speed of the stepping motor.
(5) Put Pyrex Wool (fiberglass) into the tar trap and use PVC
membrane as char filter. During the experiments, fiberglass and membrane
have to be changed frequently in avoiding blocking the flow of exhaust
gases.
(6) Turn on the quenching helium and water and set up their flow
rates.
(7) Turn on the stepping motor and star to collect char while
carefully adjusting the suction rate of cooled gases.
After collections of char, their physical properties are measured.
In this study, morphological changes, pore volume, BET surface area,
density, and porosity of pyrolyzed char are the major properties of
interest.
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III.2. MEASUREMENTS
111.2.1. Photographs from Scanning Electron Microscopy
Scanning electron microscopy and optical microscopy were used to
take photographs of the particle surface and the particle cross-sections.
Preparation of coal char for the cross-section microscopic examination
consists of two methods: (1) high pressure technique (employed at SNLL)
and vacuum technique (employed at M.I.T.). A small amount of char is
mixed with a mixture of styrene, vinyl toluene and acrylate monomers
(polyester resin) and with a hardner, MEK peroxide in dimethyl phthalate,
in a mould. The volume ratio of polyester resin to hardner is about
100:1. The mixture (with char) is then placed in a high pressure (10000
psia) vessel to force polyester resin into voids inside the char, or in a
desiccator for further processing when using the vacuum technique.
The vacuum technique is similar to that employed by Lightman and
Street (1968). The pressure in the desiccator is reduced several times,
each time the pressure being returned to atmospheric so that after
removal of air from the char particle polyester resin can flow further
into evacuated voids still left in. When the samples bearing dispersed
char are set hard, they are ground on a coarse emery wheel until char is
exposed. The resin surface is then polished on a mechanized wheel using
successively 240, 320, 600 grade emery papers followed by 20 pm aluminum
powder. The well polished samples are then ready for microscopic
examination.
Preparation of coal char for the particle-surface microscopic
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examination is quite straight forward. A thin film of colloidal graphite
(mixed with alcohol) is first spread on a half-inch-diameter aluminum
holder. Char particles are then scattered on top of the graphite-alcohol
film. The loose particles are blown off after the graphite is dried and
then the sample is coated with a film of gold in a vacuum evaporating
unit for subsequent microscopic examination.
111.2.2. SWELLING RATIO
The significance and extent of particle swelling during pyrolysis
are evaluated by swelling ratio which is defined as 'particle diameter'
at any pyrolysis time divided by the initial 'particle diameter'. Because
of the irregularity of external shape of each char particle, the
'particle diameter' here is derived by converting the projected external
surface area of each particle seen in the SEM pictures to spherical
diameter.
The projected external surface areas of particles (typically 40
particles for each sample) are measured by a Toyce-Loebl Magiscan II
Image analyzer at M.I.T.. Due to the fact that the analyzer is sensitive
to the contrast of particle image and its background in the SEM pictures,
the projected area of analyzed particles are carefully reproduced on a
transparent film by using a waterproof-black pen to guarantee uniform
contrast for all measurements. Assuming a Gaussian distribution, mean and
standard deviation of swelling ratio are obtained, by best fitting the
data on the roughly 40 particles examined for each run condition.
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111.2.3. BET SURFACE AREA, PORE VOLUME, PARTICLE AND SOLID DENSITIES, AND
POROSITY
Samples of coals and partially reacted coal chars are analysed at
the Particle Characterization Facility (PCF) at the Lawrence Livermore
Laboratory. The facility is equipped to carry out nitrogen adsorption
analyses for BET surface area, and mercury intrusion porosimetry for
determining particle and solid densities, and void fraction. The particle
density here is defined as mass of a single particle divided by its total
volume including internal voids. Solid density is defined as mass of an
individual coal particle divided by the volume of actual solid material
only.
Prior to the nitrogen adsorption analyses and mercury intrusion
porosimetry, each sample (roughly 0.5 gm) is baked under vacuum (10-5
torr) at 200 °C for several hours to remove gaseous or liquid
contaminants from the particle. A Digisorb 2600 is used to analyze the
particle surface area. The analysis consists of a 5-point BET calculation
and the relative pressure (applied pressure/saturation pressure of
adsorbate gas) is varied from 0.05 to 0.21.
Mercury intrusion porosimetry utilizes the theory of liquid-solid
contacting in capillaries to provide information on char pore size
distributions. Assuming cylindrical pores, the pore diameter (D) is given
by
4.a
D - CosO
P
where P is the applied pressure, a the surface tension of mercury, and 0
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the contact angle between the liquid (here mercury) and solid (here
char). The volume of mercury (V) penetrating the pores is measured
directly as a function of applied pressures. This D-V information serves
as an unique characterization of pore structure. The present measurements
used an Autopore 9200 mercury porosimeter with 56 intrusion points and 27
extrusion points. Pressures as hight as 60,000 psi were employed which
according to equation (1) corresponds to a minimum pore diameter of about
30 A.
Although pores in the char are rarely cylindrical (as observed from
scanning electro microscopy), this approximation is generally accepted as
a reasonable approach for data interpretation. The surface tension of
mercury is usually accepted as 484 dynes/cm. The contact angle varies
somewhat with solid composition. A value of 130 degrees is assumed in
general.
Particle density (pp) is calculated by assuming a mercury density
(pm) of 13.5335 g/cc,
Sample Weight W W
Pp =
Sample Volume Vp Vptr 
- Vm
W 2 - W1
Vm =
Pm
where Vptr = penetrometer volume,
Vm  = mercury volume,
W 2  - weight of penetrometer + sample + mercury,
W1 = weight of penetrometer + sample.
Solid density (ps) is calculated by
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Sample Weight W
Ps -
Solid (skeletal) Volume Vs
V s . Vp - V i W
where Vi - tatal intrusion volume of mercury per unit weight of sample
(in cc/gm).
The void fraction (-porosity) is defined as
Particle Density
% Porosity - 100 (1. - )
Solid Density
The solid density here is not necessarily referred to 'true density',
since the solid volume obtained depends somewhat on the method of
measurement. In this case, the solid volume may still include pores
smaller than 30 Angstroms.
The detailed discusions for the BET surface area and mercury
intrusion porosimetry can be found in standard references (Mahajan and
Walker, 1978; Satterfield,1980).
111.2.4. WEIGHT LOSS DETERMINATION
Weight losses (WL) due to pyrolysis are determined by (1) solid
density, (2) ash analysis, and (3) titanium analysis. The first method
approximates weight loss as
WL = 1 - Vs-Ps/Vo.Pso = 1 - ps/Pso
where Vs and ps -= volume and density of solid materials; the subscript o
represents their initial values. The approximation assumes the volume
118
change of solid in pyrolyzed coal is negligible. For swelling coals, this
will be reasonable only when the weight loss is low.
Ash and titanium tracer techniques assume that ash and titanium mass
are constant during pyrolysis. The weight loss is defined (on an as
received base) as
Yio
w- [1. - Ixl00%
Yi
where yio - initial ash (or titanium) mass fraction in the coal
particle (as received),
Yi - ash (c titanium) mass fraction in the char particle.
The ash content is determined by the ASTM technique.
The titanium concentration, existing in coal or char in a form of
Ti0 2, is analysed at the Combustion Research Facility, SNLL, by an
inductively-coupled plasma (ICP) optical emission spectroscopy. This
instrument has been selected for this work because of its sensitivity
down to parts per million, its ability to determine refractory elements,
and the capability of simultaneous multi-element analysis, although it
requires extreme care and maintenance.
Prior to the analysis, coal (char) has to be properly prepared. The
sample is mixed with a aqueoussolution containing 10 percent aqua regia
(a mixture of hydrochloric and nitric acids) and 10 percent hydrofluoric
acid. The sample is then put into a teflon container, covered, and placed
in a laboratory microwave oven for 10 minutes to leach out the elements
of interest. The HF helps dissolve silicates and refractory metals.
Following cooling and filtering of insoluble solids (organic material),
boric acid is added to the solution. This is to convert the HF (by
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forming tetrafluoboric acid) since it will attack the quartz torch of the
instrument. The amount of HF and H3BO 3 employed must be the same for
calibration and actual measurements.
The prepared solution is then injected into the instrument and is
heated by an argon plasma, generated by an inductively-coupled plasma
technique. Temperatures of the plasma are in the range of 6000 to 10000
K. The temperature is high enough that refractory oxides such as Ti are
easily dissociated and provide very intense emission from both the atoms
and ionized species. Every element emits its own characteristic
wavelengths. Emission spectroscopy is used to determine elements
presenting in the plasma. Calibration is required for quantitative
determinations of each element.
111.2.5. ASH PROXIMATE ANALYSIS
Ash content in raw coal and char is determined, according to ASTM
D3172. Approximately 1 gm of raw coal (as received) or 0.2 gm of char is
placed in a cold furnace and gradually heated up so that the furnace
temperature reaches 500 0C in 1 hour and final temperature ,750 'C, in 2
hours. After staying at least 5 hours at 750 'C, the remaining ash is
naturally cooled in a desiccator and weighed as soon as it reaches room
temperature.
I1.3. COAL SELECTION
A high volatile bituminous coal of Pittsburgh seam No.8 was the
120
focus of this experiment. Particle size ranges of 30-45,60-75, and 106-
125 pm were studied. The ultimate analysis, proximate analysis, and
maceral compusition for the selected coal are presented in Table III.1.
The data are taken from the Penn State Coal Data Base.
With the ASTM technique, different particle sizes show different ash
contents. Table 111.2. lists the values obtained for each replicate
analysis and the arithmetic average of the replicate results. The results
generally agree with those obtained by Freihaut (1986).
111.4. RESULTS AND DISCUSSIONS
The entire experiments were designed to cover three gas-temperature
profiles in the reactor and three ranges of particle diameters 30-45, 63-
75, and 106-125 pm. As shown in Figure III.3, the gas-temperature
profiles, being corrected for radiation losses to the reactor wall, are
indicated as low, intermediate, and high temperatures, which have peak
temperatures as indicated. The approximate gas velosity in the flow
reactor is 1 mm/msec (Fletcher and Hardesty, 1987a). Hence assuming the
coal particles closely treated the gas temperature, typical heating rates
exceed 104 K/sec. Figure III.4 shows the quenched gas-temperatures in the
probe as a function of distance from the probe mouth, corresponding to
the temperature profiles in Figure 111.3. The radiation correction to the
thermocouple was small. The gas was quenched, for example, from 1033 to
459 K in 4 mm, corresponding to a gas-quenching rate of appproximately
106 K/sec as calculated from a heat-transfer model (Fletcher and
Hardesty, 1987b). Particle quenching time is slightly longer due to
Table III.1. Characteristics of Selected Coal
Data Source : Penn State Coal Data Base
Coal Type: Pittsburgh Seam No. 8 bituminous coal
Proximate Analysis (Wt %)
As Rec'd Dry
% Moisture 2.54
% Ash 13.32 13.67
% Volatile 33.56 34.43 3S
Matter
% Fixed Carbon 50.58 51.90 6(
Ultimate Analysis (Wt %)
As Rec'd Dry £
% Ash 13.32 13.67
% Carbon 70.05 71.88 83
% Hydrogen 4.55 4.67 5
% Nitrogen 1.33 1.36 1
% Sulfur 1.33 1.36 1
% Chlorine 0.07 0.08 0
% Oxygen 6.81 6.99 8
DAF
9.88
0.12
)AF
3.26
5.41
.58
..58
).09
B.10
Maceral Composition (Vol %)
Particle diameter
(pm)
210 - 250
106 - 125
63 - 75
30 - 45
Vitrinite
69.7
84.6
84.8
88.0
Inertinite
12.7
7.1
7.7
7.0
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Exinite
17.6
8.2
7.5
5.1
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Table 111.2. ASTM Analysis of Pittsburgh Seam No. 8 Bituminous Coal
Size (pm)
30 - 45
63 - 75
106 - 125
210 - 250
1
6.3
4.6
11.6
22.2
2
6.4
4.3
11.1
22.3
Replicate (Wt %)
3
6.7
4.3
11.5
24.9
Ave rage
6.5 + 0.2
4.4 + 0.1
11.4 + 0.2
23.1 + 1.2
-----------
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thermal inertia of the particle. The temperature profile was obtained
with an entrained flow rate of 30 slpm (standard liter per minute) N2 and
suction rates of 58 - 61 slpm and 21 - 23 slpm for tar and char flows,
respectively. The particle feeding rates were ranged from 7.0 to 23.0
mg/min. The pyrolyzed coal char was collected at distances of 3 to 29 cm
from the particle injector, corresponding to residence time of
approximately in the reaction zone.
However, in this report, the analytical results will be presented as
a function of distance between the particle injector and the probe mouth
rather than bulk residence time, because the precise measurements of
particle velocity in the reactor necessary for reliable residence time
determination were not included in these experiments.
Figure 111.5 shows the SEM photographs of initial particles with
particle size 106 - 125 and 63 - 75 pm. Figures 111.6 to 111.12 and
111.13 to 111.17 show their subsequent changes of morphology including
particle surfaces (upper pictures) and their corresponding cross-section
(lower pictures) at the intermediate temperature profile. These figures
are described and discussed in detailed as follows.
Figure III.5: particles have irregular shapes and external appearance
with no (or very few) pores and fissures visible.
Figure III.6: fissures open up on the particle surface. Blocked gas
bubbles grow inside the particles, although their edges remain
unsolftened. The black spots shown on the pictures could be either poorly
polished char or a lack of polymer resins. Note that some bubbles have
long and irregular shapes, suggesting that the bubbles may be initiated
from fissures which may in turn be due either to initially existent pores
126
Figure 111.5. SEM photographs of raw coal. The initial particle
diameters are 106 - 125 um (upper) and 63 - 75 pmn
(lower) .
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2
Figure 111.6. SEM photographs of char (upper) and its corresponding
cross-section (lower) collected at 5 cm at the inter-
mediate temperature condition; initial particle
diameter - 106 - 125 im; magnification for the cross-
section - 100.
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or to thermal expansion of the coal during heat-up.
Figure 111.7: fissures are longer and more apparent on the particle
surface. A few balloon-like bubbles and few holes can also be seen on the
surface, but generally the overall characteristic shapes of the original
particles remain reasonably well-defined. Fissures can no longer be seen
inside the particles. Instead, many small bubbles and occasionally a few
large bubbles appear. The wall thickness between bubbles seems quite
uniform. Note that while many internal bubbles have not yet broken
through the particle surfaces, the appearance of crater-like punctures or
'blow holes' in the surfaces show that some bubbles have ruptured the
coal particle 'skin'.
Figures 111.8 and 111.9: particles become more rounded. The surface is
internally surrounded by individual bubbles and pocked with several small
blowholes. Inside the particles the bubbles seem bigger. In some
particles, the thick partitions between the bubbles have thinned and
larger cavities obtain. Some particles in Figure I1.9 appear like
withered puckered prunes suggesting partial contraction of the particle
surface after bubble release.
Figure III.10: no cross-sections are available for this sample. The
particle surfaces exhibit a beehive-like appearance and the particle
shell is very thin. The particle sizes vary to some extents. Some chars
appear to exist clusters in which 3 to 5 particles are interconnected by
relatively planar neck-like linkages. Later analysis (see below) indicate
that agglomeration of particles may occur under these pyrolysis
conditions.
Figures III.11 and 111.12: these figures show swollen, thin walled,
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Figure 111.7. SEM photographs of char (upper) and its corresponding
cross-section (lower) collected at 9 cm at the inter-
mediate temperature condition; initial particle
diameter - 106 - 125 jum; magnification for the cross-
section - 100.
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Figure 111.8. SEM photographs of char (upper) and its corresponding
cross-section (lower) collected at 12 cm at the inter-
mediate temperature condition; initial particle
diameter - 106 - 125 im; magnification for the cross-
section - 100.
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Figure 111.9. SEM photographs of char (upper)
cross-section (lower) collected
and its corresponding
at 14 cm at the inter-
mediate temperature condition; initial particle
diameter - 106 - 125 pm; magnification for the cross-
section - 100.
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Figure III.10. SEM photographs of char collected at 18 cm at the
intermediate temperature condition; initial particle
diameter - 106 - 125 ;m.
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Figure III.11. SEM photographs of char (upper) and its corresponding
cross-section (lower) collected at 20 cm at the inter-
mediate temperature condition; initial particle
diameter - 106 - 125 pm; magnification for the cross-
section - 100.
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Figure 111.12. SEM photographs of char (upper) and its corresponding
cross-section (lower) collected at 25 cm at the inter-
mediate temperature condition; initial particle
diameter = 106 - 125 gm; magnification for the cross-
section - 100.
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quite spherical particles of high internal void fraction, i.e.
cenospheres. The figures also show big blowholes rupturing the particle
surface and some shell fragments. Again, the particle volumes exhibit
greater deviations between particles. Larger individual voids are clearly
more apparent, and partitions are thinner and many have disappeared. The
puckering behavior attributed to post shell rupture and surface
contractions is also evident in both figures.
During pyrolysis, several cenospheres are formed and the shell
continues to become thiner with time. The formation of cenospheres
suggests that before they resolidify the coal particles go through a
stage of thermal plasticity in which the molten coal (metaplast) exhibits
a rather low apparent viscosity (see Fong et al., 1986a,b).
For the 63 - 75 pm particles, the morphology changes are quite
similar to that of the 106 - 125 pm particles (Figures 111.13-17). One
difference is that large, central bubbles are more likely to exist in the
63 - 75 pm particles during the bubble developing stage. This is also
true for the 30 - 45 pm particles. It may refect more rapid depletion of
the inventory of small bubbles in the smaller particles.
Based on observations from the micrographs, variations in particle
size over the range studied in this experiment seem to have few effects
on the sequential morphology changes during pyrolysis. The sequential
morphology changes are characteristically sketched in Figure III.18.a.
With continued heating: (1) coal starts to soften at a melting
temperature of 350 - 400 *C (Fong, 1986; Tsai and Scaroni, 1984) and the
internal pressure increases within fissures (possibly generated by
thermal stress) and in the initially existent pores, due to the release
136
Figure 111.13. SEM photographs of char (upper) and its corresponding
cross-section (lower) collected at 5 cm at the inter-
mediate temperature condition; initial particle
diameter - 63 - 75 pm; magnification for the cross-
section - 150.
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Figure 111.14. SEM photographs of char (upper) and its corresponding
cross-section (lower) collected at 6 cm at the inter-
mediate temperature condition; initial particle
diameter - 63 - 75 pm; magnification for the cross-
section - 150.
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Figure 111.15. SEM photographs of char (upper) and its corresponding
cross-section (lower) collected at 9 cm at the inter-
mediate temperature condition; initial particle
diameter - 63 - 75 jm; magnification for the cross-
section - 150.
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Figure 111.16. SEM photographs of char (upper) and its corresponding
cross-section (lower) collected at 15 cm at the inter-
mediate temperature conditicn; initial particle
diameter - 63 - 75 pm; magnification for the cross-
section - 150.
140
Figure 111.17. SEM photographs of char (upper) and its corresponding
cross-section (lower) collected at 20 cm at the inter-
mediate temperature condition; initial particle
diameter - 63 - 75 pm; magnification for the cross-
section - 150.
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of adsorbed moisture and weakly bounded gases. (2) The viscous fluid
(liquid metaplast) flows and seals off the pore mouths and the fissures.
(3) The increasing internal pressure, due to decomposed gases and
evaporated tar, results in bubble growth and further swelling of the
particles. In the early stage of swelling, a low fluidity may explain
retention of the essential shape features of the original particles. (4)
As devolatilization proceeds, the temperature increases, generating more
softened material. The small bubbles merge and form large, central
bubbles which are bounded by thin-shells of the particle surface. (5)
Eventually the large bubbles break through the particle shell, allowing
tar and gases to escape through the external and internal surfaces
(original bubble interface).
In addition to the cenosphere formation, other important
observations are the increase of particle volume in the early stages of
pyrolysis, followed by contraction of the particle surfacr. Figures
111.19 and 111.20 show effects of reaction distance (approximately
proportional to residence time) on swelling ratios for particle size of
106 - 125 and 63 - 75 pm, respectively. Here swelling ratio is defined as
the diameter of a char particle collected after traveling through the
reaction zone for the indicated distance divided by the mean diameter for
the unpyrolyzed particles. The solid curves drawn through the data points
are only to show continuity and do not represent predictions from a
mathematical model or correlation. The dashed curves continuing the solid
line represent uncertainty as explained later. Apparently, the 106 - 125
and 63 - 75 pm particles show maximum swelling ratios close to 1.5 and
1.25, respectively. Both then exhibit subsequent volume reductions.
Initial Particle Size = 106 - 125
5.0 10.0 15.0 20.0 25.0
Distance
30.0
(cm)
Figure 111.19. Swelling Ratio vs distance at the
temperature condition.
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Figure 111.20. Swelling Ratio vs distance at the intermediate
temperature condition.
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Vitrinite, a major composition of maecerals in the coal, is believed to
contribute to the swelling (Mackowsky, 1966; Miura and Silveston, 1980;
Tsai and Scaroni, 1984). The secondary increases of mean swelling ratios
(solid points) at reaction distance above about 14 cm and the wide ranges
of their standard deviation in both cases indicate that particle
agglomeration may have occurred if two or more particles collided and
fused together during the sticky phase of devolatilization. Calculations
by Fong (1986) show that agglomeration of sticky coal particles is
possible under laminar flow conditions. The micrographs show evidence of
agglomeration of the 106 - 125 pm particles at 18 cm reaction distance
(Figure III.10). Figure III.18.b schematicizes how two particles could
agglomerate and ultimately yield single particles of similar morphology
to those that remain free of agglomeration. Even these agglomerated
particles can also experience volume shrinkage. Other SEM pictures (not
displayed) show that particle agglomeration is especially severe at high
temperatures.
Weight loss data for these two particle sizes are shown in Figure
111.21 for reaction distance representing the earlier pyrolysis. Data for
higher severities are omitted, because of their wide scatter. The reasons
for such scatter could be contamination of the chars used to determine
weight loss by tracer techniques (see above). During the collection of
chars, deposits including agglomerated particles and condensed tar may
occasionally form on the probe tip and in the probe inlet and then drop
into the probe and be collected. Efforts were made to prevent such
ocurrences. Since the agglomerated particles stay on the tip for a longer
residence time, they may undergo additional pyrolysis, thus their
10.0 15.0 20.0 25.060
U)
U)
0
H)
0
10.0 15.0 20.0 25.0
Distance (cm)
Figure III.21. Weight loss vs distance at the intermediate (a and b)
and low (c) temperature profiles. 0, O , 0, x:
determined from solid density; 13, & : obtained from ash
analysis; + : obtained from titanium analysis.
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collection could result in a higher calculated weight loss. Another more
likely possibility for char contaimination is the inadequent separation
of tar and char, which increases the overall sample weight (or reduces
the apparent titanium and ash concentrations in the sample), thus causing
the calculated weight loss to be artificially low. Such difficulties
contribute to the uncertainties in determining weight loss by these
techniques.
However, in the earlier stages of pyrolysis, the weight loss results
are quite acceptable, due to low weight losses in which the contamination
of char as well as other potentially confounding effects such as
distillation of the ash or titanium tracers are presumably less likely to
occur. This is supported by visually checking tar deposition in the tar
trap. For instance, at the intermediate temperature profile, the observed
tar deposition did not markedly increase until the distances between the
particle injector and the probe exceed 14. cm and 9. cm for the 106 - 125
and 63 - 75 pm particles, respectively. No measure-ments of tar yields
were made. For the intermediate temperatures, the 63 - 75 pm particles
apparently show a more rapid weight loss than do the 106 - 125 pm
particles. This is expectable since the smaller particles are heated more
rapidly than the larger onces, and hence a given reaction distance
corresponds to a higher temperatures for the smaller particles than for
the larger onces.
Comparing the swelling ratio and the weight loss, it is interesting
to note that the maximum swelling occurs at low weight loss. For the
intermediate temperature cases, the weight loss for the 106 - 125 pm
particles is 10 - 15 % at 12 cm; for the 63 - 75 pm particle, it is
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around 10 % at 7 cm (Figure 111.21). In addition, the SEM pictures show
that at these reaction distances, many blowholes exist on the particle
surface and bubbles have become well developed inside the particles
(Figures 111.8 and III.14). These observations indicate that cenospheres
and thin shells can be formed in the softened particles during relatively
early stages of devolatilization. Thus significant fraction of the
volatiles can be lost throught the broken thin coal-shell by escaping
from the internal and external surfaces of the particle shell.
The retention of rather unsoftened particle edges with big bubbles
in the early stages of pyrolysis, where temperature is low and chemical
decomposition of coal is small, raises the question of how important is
pre-existing metaplast in bubble generation and particle expansion,
which, of course, also depend upon the rates of tar and gas evolution.
The pre-existing metaplast (primarily vitrinite) presumably melts at low
temperature via physical melting (Fong,1986). Fong's experiments showed
that pyridine extract, representing the pre-existing metaplast, from raw
Pittsburgh no. 8 bituminous coal is about 25% of the coal mass. Such a
high percentage of early melting material might provide the necessary
environment for the bubble generation and expansion. Further
investigation is necessary.
From the SEM pictures of particle cross-sections, the average shell
thickness appears to be less than 8 microns, if locations where many
blowholes cross the particle surface are accounted for. As thin as 1 to 2
microns is observable in the later stages of pyrolysis. A mass balance of
solid char can give the average shell thichness, assuming the porosity
inside the particle shell is negligible,
149
ro.(l - 0c)(1 - WL)-Psc
Ar -
3.q2 .ps
where ro - initial particle radius,
Oc - initial porosity,
0 - swelling ratio,
(psc) pS - (initial) solid density,
WL - weight loss.
For instance at the intermediate temperature profile, the maximum
swelling gives the 106 - 125 pm particle a shell thickness of Ar - 60 Am.
(1. - 0.54)/3/1.472 - 4.3 pm, assuming (1. - WL)psc/Ps -1, i.e. assuming
the loss of solid volume due to the weight loss is negligible. The value
seems quite reasonable, compared to that observed from the SEM pictures.
Another interesting observation to note is that stalagmite-like
agglomeration of particles may occur on the probe tip, especially at
reaction distances of 12 - 14 cm for the 106 - 125 pm particles and at
distance of 7 - 12 cm for 63 - 75 jm particles at the intermediate
temperature profile. In order to avoid such agglomeration, the speed of
the stepping motor must be as low as possible. For longer reaction
distances (longer resi- dence times) the agglomeration occurred only
occasionally and the speed of the stepping motor was not reduced.
Probably that is the reason why agglomerated particles can be seen in
some of the micrographs. For large reaction distances agglomeration may
have already occurred in the earlier stages of pyrolysis. These
observations further imply that the external surfaces of the particles
become solidified soon after the maximum swelling is reached, i.e. early
during the shrinkage stage. This is expectable because lighter tar and
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gaseous volatiles may quickly escape through the external surface,
leaving less volatile metaplast which is probably more likely to
resolidify rapidly. However, this does not mean that the internal surface
of particle is equally proven to rapid resolidification. Some of the
micrographs (not displayed) show that small bubbles trapped inside the
particle shell tend to grow on the internal surface, while the external
surface is quite smooth, and presumably resolidified. This is also
observed by Tsai and Scaroni (1987).
The morphological changes observed from the micrographs and the
swelling measurements can be further confirmed by the determinations of
particle and solid densities, porosity, BET surface area and pore volume.
Figures 111.22 and 111.23 respectively show the particle and solid
densities of 63 - 75 and 106 - 125 pm particles at low, intermediate, and
high temperature profiles. Figure III.22.b shows rapid decreases in the
particle density from 0.62 to 0.30 for the 63 - 75 pm particles and from
0.76 to 0.32 for the 106 - 125 pm particles, corresponding to reaction
distances ranging from zero to those for the maximum extents of swelling.
The minimum particle densities for both particle size in Figure III.22.b
as well as for the single curve in the high-temperature case (Figure
III.22.a) appear to be about same (0.14 gm/cm3). Figure III.22.c shows
the particle density slightly increases over the minimum value. From the
examinations of the corresponding porosity and pore volume (Figures
III.24.c and 111.29, discussed later), obviously bubble shrinkages and
particle wall contractions are responsible for these increases. However,
the cause for the shrinkages at this low temperature condition is not
clear.
10.0 15.0 20.0 25.0
10.0 15.0 20.0 25.0
5.0 10.0 15.0 20.0 25.0
Distance
30.0
30.0
30.0
(cm)
Figure III.22. Particle density vs distance at the
mediate (b), and low (c) temperature
initial diameter - 106 - 125 pm; :
- 63 - 75 pm.
high (a), inter-
profiles. 0 :
initial diameter
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Figure 111.23. Solid density vs distance at the high (a), inter-
mediate (b), and low (c) temperature profiles. *
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The solid densities show less variation especially at the high
temperature (Figure III.23.a). Comparing Figures III.23.b and III.22.b,
the solid density has minimum values at the same distance as that for the
particle density, i.e. 12 cm for the 63 - 75 Am particles and 20 cm for
the 106 - 125 pm particles; but then the solid density shows increases. A
possible explanation is due to the presence of increased fragments and
the formation of discrete ash particles and ash agglomerates as observed
from the micrographs. Fragmentation may open up tiny pores which are
originally unmeasurable, resulting in a smaller true solid volume in the
density determination. This explanation is reasonable especially at the
high temperature (Figure III.23.a), where the solid density is higher
than that at Figures III.23.b and c. The solid density at the low
temperature is expected to be higher than at the intermediate-
temperature, since the weight loss is lower. Figure III.23.c shows an
increase for the 63 - 75 pm particles at higher reaction distance which
is due to pore shrinkage as evidenced in the porosity measurements.
Figure 111.24 presents the porosity data, corresponding to the
pyrolysis conditions of Figures 111.22 and 111.23. The porosity
approaches 90 %, regardless of for both particle sizes at intermediate
temperatures (Figure III.24.b) and for the 106 - 125 pm particle at high
temperatures.
Data on BET surface area and pore volume at different extents of
pyrolysis provide further insight on the above morphological changes.
Basically, the entire pyrolysis can be divided into two stages: bubble
expansion and metaplast depletion. This can be distinguished easily from
the BET surface area data (Figure 111.25). The general trend for each
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Figure III.25. BET surface area vs distanvce at the high (0), inter-
mediate (V,A ), and low (0, 0) temperature profiles.
9~4
V)
E-4Q~
H1
00
156
case is that the surface area first decreases and then increases. The
decreases appear to be the results of coalescence of small pores or
fissures into big bubbles. Note that the minimum surface area coincides
with the maximum swelling. For example, the minimum value of 1.5 m2/cm3
for the 106 - 125 pm particle at the intermediate temperature condition
occurs at 12 cm where the swelling is the highest. During the shrinkage
stage, the surface area increases markedly indicating that more new pores
have been formed, reflecting loss of liquid metaplast. The increases of
internal surface area were also reported by Maloney (1983) and Tsai and
Scaroni (1987).
Figures 111.26 to 111.30 show the accumulated pore volume vs
distance at the same experimental conditions as discused above. In each
figure the vertical separation between adjacent curves represents the
total volume of pores and cavities with diameters between the two values
indicated. Figures 111.26 and 111.27 show that a substantial fraction of
the total pore volume resides in pores between 22 and 68 pm diameter,
specially after the occurrence of maximum swelling. The dominance by
pores of larger diameter is even more pronounced for the particles of
larger initial size (Figure 111.26). These devolatilization-induced voids
are readily seen in the electron micrographs.
The absolute magnitude of the porosity increases with temperature
(Figures 111.30 vs III.28) with pores of > 22 pm apparent diameter, again
making major (= 2/3) contributions to the total volume. However even at
the lowest temperature studied, there is a dominant role (of order 2/3)
for pores of > 22 pm apparent diameter for both particle size ranges
(Figures 111.28 and III.29).
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CHAPTER IV. THE ZACHARIAS' (1979) MODEL FOR TAR EVOLUTION
This model was proposed by Zacharias in 1979 and recalculated
recently. A few mistakes, which originally existed in the computer code,
have been corrected. The model treats formation, reaction, and
evaporation of pyrolysis tar, defined as condensed liquid at room
temperature. The basis for the model was first proposed by Suuberg et al.
(1978), who observed that bituminous pyrolysis tar yields decreased with
increasing pressure, while yields of lighter volatiles increased. The
general reaction scheme for the tars is as follows:
K1  E
Ct  'I CG+S
K2
where Ct - unreacted coal, that will eventually decompose into tar,
I = tar intermediate formed and still present within the reacting
coal mass,
E - tar having evaporated from the surface of the coal mass,
G - volatile gases formed from decomposition of the tar
intermediate I,
S - solid coke.
The formation of tar intermediate I and secondary reaction products
G and S involve chemical reactions, while the process, I -- E, is a
mass transport phenomenon. This latter process occurs in competition with
secondary reactions.
Considering the many different molecules categorized as tar, the
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initial tar formation, Ct --* I, most likely consists of a large number
of reactions which proceed at different rates. This step, therefore, is
best modeled as a large number of independent, parallel reactions with a
distribution of activation energies (Anthony, 1974). Application of such
a model to vacuum pyrolysis, where secondary reactions are thought to be
negligible, proved quite successful, giving reasonable values for the
kinetic parameters (Zacharias, 1979). However, it was also found that a
single, first-order reaction model could accurately describe the
experimental results, if appropriate values for the kinetic parameters
were used (case A in Table IV.l, see below). Thus, for the sake of
simplicity, a single first-order reaction is used for step 1 in the
present analysis.
The conversion of tar to lighter volatiles or coke is assumed to in
general depend on the chemical composition of the tar present within the
coal particle. Since coal tars are typically complex mixtures of many
organic compounds, its secondary conversion most likely involves many
different reactions. For this reason, the multiple independent parallel
reaction model is used to model the kinetics of tar secondary reactions.
Mathematically, the rate of tar formation by primary decomposition
of the coal is
dF(t)
= Kl(F* - F) (1)
dt
where F* is the ultimate tar yield formed by reaction (1) at t - c and K1
is the rate constant. All quantities expressed in this report are in
units of weight percent of initial coal mass. Considering a distribution
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of tar molecular weight and multiple secondary reactions, the cumulative
amount of tar (formed in the particle, with molecular weight M), which
further undergoes secondary reaction with an activation energy Ea is
defined as:
F(t,M,Ea)-F(t)F(M)F(Ea) (2)
where F(M) and F(Ea) are Gaussian distribution functions with mean
molecular weight Mo, mean activation energy Eao, and standard deviations
oM and oEa, respectively.
A tar mass balance on the reacting coal gives
I(t,M,Ea) - F(t,M,Ea) - E(t,M,Ea) - C(t,M,Ea) (3)
C is tar consumed in secondary reactions. The quantities I, E, and C are
similarly defined as F.
The decomposition rate of tar intermediate is
dC(t,M,Ea)
- K2(Ea)I(t,M,Ea) (4)
dt
Substituting (3) into (4) gives
dC(t,M,Ea)
+ K2(Ea)C(t,M,Ea) - K2 (Ea)[F(t,M,Ea) - E(t,M,Ea)] (5)
dt
The total tar consumed up to time t in secondary reactions with respect
to M and Ea is
C(t) - •JC(t,M,Ea)dEadM (6)
1o1
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The evaporation of the tar actually takes three steps: tar (1)
diffuses to the coal mass surface, (2) vaporizes, and (3) diffuses into
the bulk gas of the reactor. The tar liquid in coal is assumed to be in
equilibrium with the tar vapor at the surface of the coal mass, and
diffusion into the bulk gas is assumed to be the rate-limiting step.
In modelling the transport of tar away from the coal particles, the
actual geometry of the experimental reactor that was used to obtain the
data base (Suuberg, 1977) is considered. Due to the caking
characteristics of bituminous coal, the coal sample is approximated as a
flat, agglomerated mass, with diffusion of tars taking place in a
boundary layer created by convection currents in the experimental
reactor.
Film theory is applied to estimate the rate of diffusion through the
boundary layer. The diffusion process is assumed to be at steady-state,
since the vapor pressure of tar in the bulk gas (i.e. outside the film)
remains near zero. The process is described by the equation for one-
demensional equimolar counter-current diffusion:
dEi  Di-M-L-W
S(Pvi -P i) (7)
dt R-T-6m'Wo
where Di - diffusivity of tar species i in the reactor gas,
L - length of reactorscreen - 5 cm,
W - width of screen - 1.5cm,
6m - thichness of stagnant gas film for diffusive transport
of tar away from the screen, cm,
Wo - total weight of coal sample, gm,
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Pvi - partial pressure of tar species i on the surface of coal mass,
P i - partial pressure of tar specise i in the bulk reactor.
Letting P i - 0 and taking into account evaporation from both sides of
the screen and tar secondary reactions at an activation energy Ea, the
rate of evaporation for tar of molecular weight M is
dE(t,M,Ea) 2Di-M-L'W-Poi I(t,M,Ea) Mo 1
S-) (8)
dt R-T 6mWo I(t) M I
where Poi is the vapor pressure of the pure tar of molecular weight M and
is related to Pvi by applying Raoult's law which assumes the liquid phase
of tar is an ideal solution. Hence, the yield of tar up to time t is
E(t)= 
-t[ dEadMdt (9)Jojojo1 dt I
The thickness of the boundary layer is determined from the bulk gas
convection patterns around a flat screen. Employing the analysis
presented by Schlichting (1960) and assuming that the film is composed
primarily of the ambient gas (helium, in this case), the following
equation is obtained
6s - [1(P/l00)][Wpf/2Vop)i/2  (10)
The subscript s on the film thickness parameter indicates that it results
from a stagnation flow analysis. The quantities pf and p are the
viscosity (poise) and the density (gm/cc) of helium at the film
temperature, respectively. The function i is the inverse of the stream
function V'(n) defined by Schlichting. This quantity is directly related
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to the streamline of the flow of fluid in the vicinity of the stagnation
point. 9 is analytically approximated by
I(P/100) - 0.6899(P/100)3 - 0.2828(P/100)2 + 1.003(P/100) (11)
Vo is the average velocity of the rising column of gas, due to the hot
pyrolytic screen and the cold surroundings above the screen and is
derived (Zacharias, 1979) as
Vo - 0.54Apg/pg (12)
where pg - the viscosity of helium at the column temperature, poise,
Ap - density difference of helium at room temperature and at the
column temperature, gm/cc,
g - the acceleration due to gravity - 980 cm/sec 2
The temperature of the rising column of gas is taken to be the average
between the screen and room temperatures (298 K).
The film thickness, derived above, is then converted to a mass-
transfer film thickness in terms of the Schmidt number (Bird et al.,
1960),
6m = 6s(Sm)1 /3  (13)
The diffusivity of the tars is determined from the Fuller-Shettler-
Giddings equation (1966) with the temperature correction suggested by
Sherwood et al. (1975). Structural parameters for the equation are
approximated from the Gavalas (1976) model of bituminous pyrolysis tars
with a form of C67H6807 . The vapor pressure of tar of molecular weight M
(Pvi) is calculated from a correlation presented by Homann (1976):
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Pvi - 1.23 x 105 exp(-236.M?.6 54/T) (14)
Viscosity of helium is calculated from a correlation based on the
data provided in the Handbook of Chemisty and Physics (Weast, 1975) of
the form
AHe - 10- 6x(4.92x10-2T2 + 165T - 1.64x104 )1/2  (15)
T is in K and AHe in poise.
IV.1. RESULTS AND DISCUSSION
The model presented is based on the experimental results of Suuberg
(1977) and Caron (1978), who studied a Pittsburgh seam No. 8 high-
volatile bituminous coal. Typical heating rates were about 1000 K/sec.
Pressures were vacuum, atmospheric, and 69 atm. The model calculations
used the laboratory temperature-time histories for each predicted tar
yield.
Despite the simplication of using a single tar formation reaction,
there are a total of eight variable parameters in the model described
above. These are as follows:
1) Kol - freqency factor for the formation reaction, sec -I
2) Eal = formation reaction activation energy, kcal/mol
3) F* - greatest possible amount of tar formed, weight %
4) Mo - mean tar molecular weight
5) am - standard deviation of Gaussian distribution of tar
molecular weights, kcal/mol,
6) Ko2 - frequency factor for the secondary reactions, sec-1
169
7) Ea2 - mean activation energy for secondary reactions,kcal/mol
8) ae - standard deviation of Gaussian distribution for secondary
reactions, kcal/mol.
Each of these parameters was determined by a least-squares fit of the
model to experimental data.
Because of the complicated nature of the fitting, it is extremely
difficult to fit all eight parameters at once. By considering only a
single secondary reaction, all parameters could be fit at once, but the
resulting errors were fairly large. As stated earlier, however, the
formation kinetic parameters could be determined from vacuum data, if
secondary reactions are assumed to be negligible. (This is shown to be
the case by later applying the overall model to vacuum data).
Once the kinetic parameters for tar formation are found, only five
remaining parameters need to be determined. For this report, six cases
are calculated as shown in Table IV.1. The normalized root-mean-square
error is defined as
n
{ Z(predicted value - experimental value)2/[n.(F*) 2 ])l/ 2
j-1
where n - number of data points.
Figure IV.1. shows the results of fitting three parameters to vacuum
data. The black circles represent experimental data and the open onces
are predicted data (same notations for all subsequent figures). The
scatter in the experimental data obviously makes for a difficult fit.
Figure IV.2. shows the results of fitting five parameters to
atmospheric data alone and to atmospheric and 69-atm data together. As
can be seen, the fit is reasonably good. The fittings for both data sets
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Table IV.1. Values of Best-fit Kinetic Parameters
Case Number
Experimental Pressure
Tar Molecular M, g/mole
Weight oM, g/mole
Tar Ko, sec-1
A
Vacuum
n.u
n.u
461.0
B
1 Atm
593.3
238.8
461.0
C
69 Atm
536.4
104.8
461.0
D
1 + 69 Atm
527.3
236.0
461.0
Formation
Parameter
Tar
Secondary
Reaction
Parameter
Ea, Kcal/mole
ce, Kcal/mole
F*, Wt %
log(Ko, sec -1)
Ea, Kcal/mole
ae , Kcal/mole
Error (normalized R-M-S) % 15.0
n.u. means 'not used'.
12.96
n.u
34.95
n.u.
n.u.
n.u.
12.96
n.u
34.95
12.62
46.89
4.31
6.5
12.96
n.u.
34.95
12.47
44.93
5.39
6.0
12.96
n.u.
34.95
12.59
44.36
5.91
7.5
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Table IV.1. Values of Best-fit Kinetic Parameters (Cont'd)
Case Number
Experimental Pressure
Tar Molecular M, g/mole
Weight aM , g/mole J
E
1 Atm 69 Atm 1 + 69 Atm
M.W.D of 1-atm-extract
from Oh (1986)
Tar
Formation
Parameter
Tar
Secondary
Reaction
Parameter
Ko, sec-1
Ea, Kcal/mole
ae , Kcal/mole
F*, Wt %
log(Ko, sec-1)
Ea, Kcal/mole
ae, Kcal/mole
Error (normalized R-M-S) %
n.u. means 'not used'.
461.0
12.96
n.u
34.95
13.44
51.62
10.82
6.2
461.0
12.96
n.u.
34.95
14.66
54.69
3.65
10.1
461.0
12.96
n.u.
34.95
12.79
47.09
4.39
8.0
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appear to have quite similar predictions. Note that a small quantity of
2.5 Wt% of tar (-Fo) was assumed to be initially trapped within the coal
particle to improve the fitting. Using the same parameters fitted by the
atmospheric pressure data, tar yields at high pressure (69 atm) are
predicted. The results along with the corresponded experimental data are
presented in Figure IV.3. The predicted yields tend to be somewhat lower
especially at peak temperatures between 700 to 1100 K. If both the
atmospheric and 69-atm data are used, the total errors of the fit are
slightly improved.
There are several possible explanations for the problems in fitting
the high-pressure data. Scatter in the vacuum pyrolysis data, especially
at low temperatures, could be the cause of poor formation kinetics, which
would affect the overall model results. Also, uncertainties in the tar
evaporation model could cause problems at extreme temperatures and
pressures. For example, the boundary layer theory used to describe the
transport of tars from the coal particle results in a rate of evaporation
that is not quite proportional to 1/P. The experimental data seem to
indicate, however, that yields vary almost exactly as l/P, which is
characteristic of a simple diffusion process.
The five-parameter fit is also performed on the high pressure (69
atm) data alone (Figure IV.3.) Interestingly, This result gives a lower
best-fit mean molecular weight of newly formed tar (F(t) in equation
(IV.1.)) than that predicted from the atmospheric pressure data alone
(536. vs 593. gm/mole, cases C and B, respectively, Table IV.1.). Two
effects may be responsible. The pressure dependence here selected for the
tar vapor phase diffusivities (1/P) may be too strong, forcing the model
1200
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to underpredict tar yields at elevated pressures. In response, the model
compensates by calling for a somewhat lower mean tar molecular weight and
hence somewhat higher tar vapor pressures. Alternatively, the model may
detect a genuine relation in tar molecular weight due to secondary
reactions. These hypotheses require further numerical and experimental
studies.
In order to understand the effects of Molecular weight distribution
(M.W.D.) of newly formed tar on this model, the M.W.D. of 1-atm-extract
(Figure IV.4.) from Oh (1986) was used to replace the Gaussian
distribution of tar formation for the above cases. The predicted results
are also reasonably good (Figure IV.5. and IV.6.). The fitted parameters
for atmospheric data (Case E) and for 69-atm data (Case F) seem to
deviate to some extent, comparing to those obtained assuming a Gaussian
M.W. distribution for newly formed tar (Cases B and C, respectively).
However, using the atmospheric and 69-atm data together, the fitted
parameters (of Case G) are quite close to that of cases B, C, and D. The
results suggest that a Gaussian distribution is a quite reasonable
approximation for the M.W.D. of newly formed tar, especially upon
accounting for high-pressure data.
Althought the prediction of tar yields from this model is reasonably
good, this model suffers a major disadvantage, namely predicted yields of
tar remaining in the coal layer (not shown) is consistently low (less
than 5 Wt %) during the entire pyrolysis process. The reason for such
prediction is because this model only considers external mass transport
(i.e. concentrations of liquid tar within the coal layer are assumed to
be spatially uniform). This allows tar escape, by boundary layer
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evaporation of most newly formed liquid tar except very high molecular
weight components. These very heavy tars correspond to a small high
molecular weight tail in the Gaussian distributed molecular weight of the
newly formed tar. This prediction does not match the experimental results
of Fong (1986), who found that the inventory of liquid tar (metaplast) in
the coal particle is not always low (a maximun of 60 Wt % DAF was
attained). Oh (1986) found that the M.W.D. of metaplast covered a wide
range from 150 to > 1400 gm/mole, implying that the unevaporated tar
contained both very high and very low M.W. compounds. Further, the
present model does not account for morphological changes of coal
particle, which are an important feature of the devolatilization behavior
of softening coals as will be discussed in Chapter V.
The predicted and experimental results suggest that tar compounds of
a wide molecular weight range can be trapped inside the particle even
though many of these compounds, especially the lower M.W. ones, have high
vapor pressure and vapor phase diffusivities under conditions of interest
in rapid devolatiliza-tion. This intra-particle mass transport and
secondary reactions in coal pyrolysismust be clearly understood in order
to have reliable devolatilization model. Recently, a new model focusing
on internal and external mass transport of volatiles in the liquid phase
of coal particles has been investigated and is discussed in Chapter V
below.
CHAPTER V. MATHEMATICAL MODELING FOR VOLATILES RELEASE AND PARTICLE
SWELLING
Building on previous work in this group by Oh (1985) and Fong
(1986), a theoretical model has been developed to quantitatively simulate
the coupled effects of primary and secondary chemical reactions, intra-
particle mass transfer, and transient plastic properties and to predict
the independent effects of pyrolysis temperature, pressure, particle
size, and heating rate on the release rates and yields of pyrolysis
products and the extent of particle swelling during softening coal
pyrolysis. The specific objectives are, for rapid pyrolysis of softening
coal, to:
(1) explore the growth and escape of volatiles-filled bubbles, as an
important mode of intra-particle transport and surface release of
volatiles,
(2) mathematically describe internal (intra-particle) and external
(boundary layer) volatiles transport and secondary reactions including
treatment of effects of the transient plasticity of molten coal on
volatiles evolution,
(3) understand the contribution of high-molecular-weight metaplast
decomposition to the yields of tar and gases,
(4) predict the extent and rates of particle swelling and the independent
effects of temperature, pressure, particle size, and heating rate on the
yields and generation rates of tar, total gases, and resolidified
materials,
(5) derive intrinsic chemical kinetic parameters for primary and
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secondary reactions of tar,
(6) predict the molecular weight distributions of metaplast and tar as
affected by time-temperature history,
(7) understand mechanisms responsible for the variation of tar yields
with total external pressures.
V.1. OVERALL DESCRIPTION OF COAL PYROLYSIS
Pyrolysis of bituminous coals forms a fluid-like viscous mass, known
as metaplast, molten coal or softened coal, when the pyrolysis
temperature exceeds a minimum value taken by some investigators to
represent an apparent melting point. The metaplast formation is
primarily due to physical melting and chemical bond breaking in
vitrinite, a major coal maceral responsible for plasticity and swelling
in softening coals (Howard, 1981). The physical-melting-induced
metaplast presumably pre-exists in the coal particles and its amount is
established from untreated coal, according to Brown and Watess (1966).
Additional metaplast formation due to chemical bound breaking is
evidenced by the increase of the sum of tar and pyridine extract yield at
temperature above the melting points (Fong, 1986). The molten coal is
typically impregnated with bubbles which originate from pre-existing
pores, fissures induced by thermal stresses, and direct nucleation (Oh,
1985). The metaplast can be depleted by chemical reactions and mass
transfer. The chemical reactions consist of (1) cracking into gases and
low-molecular-weight species and (2) resolidification as well as
crosslinking to form a porous char residue. Mass transfer processes of
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volatiles include evaporation and diffusion into bubbles and escape
through the particle surface. Surface release of volatiles also occurs by
escape of volatiles-filled bubbles. The bubbles grow via an influx of
light gaseous volatiles, and by diffusion and evaporation of hydrocarbons
and tar vapors. These species approach and enter bubbles by diffusion
within the molten coal and then evaporation at molten coal/bubble
interfaces. Bubble growth can also cause the overall particle volume to
increase, giving rise to the phenomenon of particle swelling.
Measurements of the morphology of coal chars, as affected by
pyrolysis conditions, often reveal the presence of big and small orifices
in the pyrolyzed particle surface. These punctures subtend channels that
connect a big cavity within the coal particle (surrounded by small
bubbles) and the particle surroundings. So called cenospheres and surface
'craters' respectively result from bubble growth and bubble rupture at
the particle surface. After the maximum swelling occurs, shrinkage of
particle volume may occur due to surface tension, viscous and pressure
forces, and metaplast depletion. A simplified picture for the overall
morphological development of a coal during pyrolysis is shown
schematically in Figure V.1. The creation of a hole refers to the ease of
swelling and the maximum in swelling ratio.
Experiments have shown that cenosphere formation can occur with only
a small amount of metaplast formation (this thesis; Tsai and Scaroni,
1987). A coal particle may reach its maximum swelling, implying the
creation of big internal cavities, at a relatively low fractional weight
loss of the original coal mass. A major fraction of the coal mass thus is
lost by pyrolysis after the occurrence of maximum swelling. Therefore, in
184
Small Bubble (Foam)
Particle
Heating
Lic
ntral Bubble
Unsoftened
Coal
Resolidifiec
(Metaplast) b.
Creation
Shrinking
Time (arbitrary scale)
Figure V.1. Schematic cross-sections of morphology changes in a softening
coal during pyrolysis and their corresponding effects on
swelling.
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the present model the role of bubbles in volatiles transport is
interpret-ed differently than in Lewellen's (1975) and Oh's (1985)
models. During the earlier stages of pyrolysis, the bubbles may serve not
only as volatiles carriers but also as a tool for creation of the big
cavities often observed in electron micrographs of partially pyrolyzed
coal particles. As implied in Figure V.l.(c) after the large cavity is
formed, volatiles can diffuse from the liquid phase through the external
particle surface and through the internal interface between the cavity
and the surrounding liquid shell. The total surfaces area (internal and
external) available for volatiles release may increased by up to a factor
of about 5, assuming the swelling ratio is on average of order 1.5. Since
the half thickness of this shell is very small (typically of order < 5
pm) the characteristic length scale for liquid phase diffusion is much
smaller than for an entire particle (where radius is around 30 to 50 pm)
and the characteristic diffusion times are reduced dramatically. Also in
this configuration (as observed in the SEM photographs) the volume of the
small bubbles surrounding the big cavity is a small fraction of the total
particle volume. Calculations show that escape of tiny bubbles should
contribute little to product yields. While the coal remains molten liquid
phase diffusion is the dominant mechanism for volatiles mass transfer
once a large internal cavity has been created.
The present model considers the growth of a single, large bubble but
ignores the extension of the small bubbles surrounding the big one. The
small bubbles are assumed to reach their unique, constant size in a
negligible time interval compared to the time for growth of the solitary,
large bubble in the particle center. The experimentally observed average
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swelling ratios of about 1.5 are consistent with this assumption since
extensive growth by many bubbles would produce much greater radial
increases. Such simplifications can not only lead to an explanation of
the physical pictures seen in the micrographs but also avoid the
complicated mathematics required to model the behaviour of many
individual bubbles.
Mathematical modeling of the phenomena shown in Figure V.1 with a
view toward predicting the yields of volatiles and tar, and the extent of
swelling is discussed below.
V.2. CENOSPHERE DEVELOPMENT
This section is concerned with the formation and growth of a
cenosphere to the point where its shell ruptures, thereby connecting the
large central cavity with the particle surface via a channel-like blow
hole. Figure V.2 shows the coupled chemical kinetics and volatiles
transport scheme postulated for this model. Coal undergoes physical
melting and pyrolytic bond breaking to form an intermediate liquid in a
suspension of unsoftened coal, coke and inert mineral matter. Metaplast
further (1) decomposes to form light gaseous components, including H2,
H20, CO, CO2 , CH4, C2H4 , C2H6 , C3 's, C4 's, and C5's, and light
hydrocarbons liquid (Suuberg, 1977), (2) polymerizes into more stable and
more aromatic materials which eventually form a solid coke, and (3)
transports into the vapor phase as tar, which is assumed to be room
temperature condensibles. To simplify the mathematical modeling of the
physical picture shown in Figure V.2, a number of assumptions are made:
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Figure V.2. Schematic of chemical kinetics and mass transport for
volatiles evolution in the pyrolysis of softening coal.
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(1) The temperature of the particle is spacially isothermal and is equal
to that of the particle surroundings at all times.
(2) A single volatiles-filled bubble surrounded by an ensenble of small
bubbles is assumed to grow in a viscous, spherical particle.
(3) The small bubbles of gases as well as the single large bubble are
growing within the metaplast volume without any interaction between
adjacent bubbles.
(4) The molten coal can be regarded as a Newtonian fluid.
(5) The gaseous volatiles trapped inside the bubbles behave as an ideal
gas.
(6) Diffusion of dissolved volatiles through the liquid phase is
according to Fick's law.
(7) Tar vapor in the bubble is in equilibrium with the liquid phase and
its concentration at the bubble interface is specified via Raoult's law.
(8) Porous coke is continuously formed by repolymerization of the
metaplast.
(9) Chemical reactions outside the particle and in the bubble are not
considered.
(10) raw coal is categorized into three major components: [1] mineral
matter (ash) and moisture, [2] pre-existing metaplast, and [3] coal.
V.2.1. Chemical Kinetics
In coal softening, coal undergoes both physical melting and primary
bond breaking to form a metaplast suspension of unsoftened coal, mineral
matter and resolidified coke. According to Fong (1986), the amount of
189
metaplast from physical melting of the solid metaplast initially existing
in coal can be around 25% for Pittsburgh No. 8 bituminous coal. Fong
(1986) arrived at this figure by associating the amount of metaplast that
could form by melting with the yield of pyridine extracts from the raw
coal. In kinetic modeling, contributions from melting are taken into
account by assuming that melting occurs instantaneously at the melting
temperature and assuming the portion of the coal which can undergo
physical melting has a Gaussian distribution of melting points with a
mean melting temperature (Tz) of 623 K and a standard deviation (oT) of
30 K. Thus at higher temperatures (e.g. Tz + 2.oT - 683 K) this model
predicts that melting has essentially gone to completion. Thus at higher
temperatures the contributions of melting to the rate of metaplast
generation can be neglected, compared to those from primary pyrolysis.
The metaplast is assumed to further decompose to gases and to
resolidify to coke. Oh (1985) measured the yield of pyridine extracts
from cooled chars generated by subjecting the coal to known extents of
devolatilization. These extracts were taken as a measure of the amount of
metaplast within the coal at that stage of pyrolysis. Oh reported that an
initial decrease in the yield of pyridine extracts occurred at a
pyrolysis temperature lower than 673 K (Figure V.3). This behavior can be
explained as the generation of gases (Gl) from softened pre-existing
metaplast in coal. The kinetics of gas (G1) formation is modeled as first
order in the amount of the given material yet to be formed:
dG1(t)/dt - kg(Gl* - G1) (1)
where G1 and GI* represent the amount of gases (Gl) formed up to time t
190
200 400 800 800 1000
PEAK TEMPERATURL E C
Figure V.3. Yields of total volatiles and tar (top) and yield of pyridine
extracts (bottom) from pyrolysis at 1 atm as a function of
peak temperature, Oh (1985).
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and t - c , respectively. G1 equals zero at the initial time and G1  is
estimated as the initial decrease (at about 673 K) of the pyridine
extract yield from the results of Oh.
The generation or depletion rates of coal (UC) and liquid metaplast
(M) are expressed as shown below.
dUC
- Rate of primary decomposition - -klUC (2)
dM(t,Mw) Generation rate due Decomposition rate of
- to primary reactions - pre-existing metaplast
dt and physical melting into gases GI
Decomposition rate
of metaplast due to
secondary reactions
dG1
- KI.UC-g(Eal) + (rm - -- ).f(Mw)
dt
dMp(t) U (T - T, )2
rm - - exp(- ).m,
dt (2r) oT 2oT 2
rm - 0, t > (Tpeak-To)/m
m(t) - lim (AT/At)
At-*o
Mtw dn
M(t) = M(t,Mw) dMw
- K2.M(t,Mw)
t < (Tpeak-To)/m
where t = pyrolysis time,
U - total amount of pre-existing metaplast,
rm - tar generation rate due to physical melting,
Mp - physical-melting induced metaplast,
m - heating rate,
(3)
(4)
(5)
(6)
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To - initial temperature,
Tpeak - peak temperature,
M(t,Mw) - the i;ntra-particle inventory of metaplast with a molecular
weight, Mwj.
Note that equations (3) and (6) are not cognizant of mass transfer.
When mass transfer is considered, the inventory of metaplast is also a
function of the intra-particle spacial coordinate as will be discussed in
Section V.2.4. In this model, the entire molecular weight distribution of
generated metaplast is taken into acount. Mathematically, the assumed
continuous molecular weight distribution is approximated from Mwl to Mwn
rather than from (Mw-0.) to (Mw-c). For convenience, mass fractions of
UC, Gl, and M are based on the original coal mass (Wto).
The quantity rm is given by the 'melting point' distribution
function multiplied by the heating rate (Fong,1986) and the molecular
weight of the generated metaplast is distributed using a function f(Mw).
The quantities Kl and K2 in the above equations are the intrinsic
reaction rate constants. The experimental (observed) reaction rate
constants may be calculated from experimental data. Differences between
true intrinsic and observed reaction rate constants can arise from
intra-particle volatiles mass transport effects. Both reaction rate
constants K1 and K2 are in an Arrhenius form; Kl is assigned a
distribution of activation energies via a distribution function
g(Eal); the decompositions of all the metaplast fractions (Mwl to Mwn)
are assumed to have equivalent K2 . For simplicity, it is assumed that
g(Ea) equals f(Mw), and that the latter distribution equals the
experimentally measurable molecular weight distribution of pyridine
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extract from raw coal. According to Oh (1986), the simplification of
(dG1/dt - Kg(Gl* - GI)) is necessary to close the metaplast balance and
to account for the initial decrease in the yield of pyridine extracts at
temperatures below 673 K.
FMwn
The generation rates of gases, G ( I G(t,Mw)dMw), and resolidified
JMwl
nMwn
coke, E (- E(t,Mw)dMw), are
Mwl
dG(t) Generation rate due Generation rate
- to decomposition of + due to secondary
dt pre-existing metaplast reactions
- dGl(t)/dt + dG2(t)/dt
IMwn dGI(t)
- I(k2M(t,Mw)/(+A) + - *f(Mw))dMw (7)
JMw 1  dt
dE(t) Mwn Mwn
- (dE(t,Mw)/dt)dMw - k 2M(t,Mw)A/(l+A)dMw (8)dt J Mwl Mw1
A = weight ratio of coke to gaseous volatiles.
The initial conditions are
UC(t-O)- 1. - fa - U, M(t-0,Mw)- G(t-O,Mw)- E(t-O,Mw)- 0. (9)
where fa- total mass fractions of inert mineral matter and moisture.
Decomposition of high-molecular-weight metaplast into low-molecular-
weight metaplast and repolymerization of low MW metaplast into higher MW
metaplast are not considered, nor is tar decomposition to gases within
the bubbles.
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V.2.2. Bubble Initiation
Two mechanisms may contribute to bubble formation: one is origina-
tion from pore (fissure) structure in the coal as the fluid-like
metaplast seals pore (fissure) mouths; the other is nucleation of bubbles
within the metaplast continuum. According to Oh's calculations, nuclea-
tion is not a rate-limiting step for intra-particle volatiles transport
via bubbles. As a further simplification, in this work, it is assumed
that the bubbles are only initiated from sealed cavities formed when
pores or fissures in the coal become closed off during the early stages
of softening ( - 620 K).
In general, coals have porosities ranging from several percent up to
50 % with average pore radii from several angstroms to several
microns. Gan et al. (1972) studied the pore size distribution of
different ranks of coal and reported that micropores, less than 12 A, and
macropores, greater than 300 A, account for major fractions of the pore
volume in coals. However, as explained by Oh (1985), only the macropores
are large enough to initiate stable bubbles, i.e., only those have large
enough radii to prevent the newly formed bubble from dissolving in the
liquid phase at the pressures and assumed surface tensions prevailing
inside the pores at the onset of softening. Thus as a further
simplification, the contribution of micropores to bubble initiation is
neglected in the present model.
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V.2.3. Momentum Balance for the Cental Bubble
Once bubbles are formed from the sealed cavities, the bubble growth
is governed by pressure buildup within the bubble due to diffusion of
volatiles (gases and tar) through the metaplast and into the bubbles, and
resistance to that pressure buildup from the inertia and viscosity of the
surrounding softened medium (metaplast) and the interfacial tension of
the bubble wall. Therefore, in modeling the growth of bubbles, a
volatiles diffusion equation must be linked to the equation of viscous
hydrodynamics for the metaplast.
As described by Fong (1986), for a coal particle of radius R1 one
can consider a large bubble with a radius R2 growing in a viscous,
incompressible liquid phase. The center of the coal particle is assumed
to be the origin of the bubble and of the spherical polar coordinate
system. In general this restriction is unnecessary but is used in the
present model for mathematical simplicity. The bubble growth creates a
velocity field v which is considered only in the radial direction. The
velocity can be found from the equations of motion and continuity:
av av dP 1 a av 2v
p(-- + v--) - -- + p( (rl - ) -- ) (10)
at at dr r 2ar ar r 2
av 2v
+ -- - 0. (11)
ar r
v = ( vr, vO, v4) = (Vr, 0, 0) (12)
Integrating equation (11) over (R2,r), gives
v(r,t) - R22 (t)R2(t)/r 2 , r > R2(t) (13)
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Substitution of equation (13) into equation (10) and integration of the
resulting equation from R2 to R1 give the pressure difference between the
particle surface and the bubble-metaplast interface.
1 1
PIR I - PIR 2 - p{(R 2 2R 2 + 2R2 R2 2 )(- - -- ) + R24 R 22/2 -
R1 R 2
1 1
(-- - -- )) (14)
R2  R1
The momentum balance at the bubble-metaplast interface (r - R2) is
dv 20s
Pb - PIR 2 - 2p--IR + (15)
dr R2
and, at the particle surface,
dv 2a,
Pa - PIR - 2p--IR (16)
dr R
Pa and Pb are respectively the pressures in the particle surroundings and
throughout the bubble, which is assumed to be well-mixed. The surface
tensions of molten coal, as, at the particle surface and at the bubble
interface are assumed to be identical and independent of temperature.
Subtracting equation (16) from equation (15) and replacing dv/dr by
equation (11), give
R2  RI 1 1
Pb - Pa = PIR 2 - PIR + 4(-- - -) + 2cs(-- + -- ) (17)
R2  R1  R1  R2
Although (PIR 2 - PIR 1) can be replaced by equation (14), this term can be
neglected compared to other terms according to the magnitude analysis
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shown by Fong (1986). Therefore, with equation (13), equation (17)
reduces to
1 1 1 1
R 2 (t) - [(Pb - Pa) - 2-as(-- + -- )]/[4pR 2
2 ( - )] (18)
R1  R2  R2
3  R1
3
R1(t) - (R2/R 1)2 R 2  (19)
The initial conditions for R1 and R2 are
at t - 0, R1 - Rlo, R2 - R2o (20)
Rlo is the radius of the raw coal particle. R2o is a fitted parameter. Pb
is composed of the partial pressures (Pt) of tar species with molecular
weights from Mwl to Mwn, the partial pressure of gases (Pg) generated
from the decomposition of metaplast in the liquid phase, and the partial
pressure of trapped ambient gases (Pt.a.g), i.e.
Mwn
Pb(t) - Pt(t,Mw)dMw + Pg(t) + Pt.a.g(t) (21)JMw1
T(t) Vc
Pt.a.g(t) - Pc (22)
Tc-V(t)
V(t) - 4r(R13 - R 23 )/3 (23)
where Pt.a. Vc, and Tc represent pressure, volume, and temperature of
the ambient gases trapped inside the bubble at the moment when pore
mouths are sealed. In this model, the sealing-off pore mouths is assumed
complete when the inventory of liquid metaplast exceeds a designated
amount (M(t) > Mc). As discussed in more detail below, Pt is related to
the corresponding metaplast concentration by Raoult's law and Pg is
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related to the gas concentrations in the bulk liquid phase via a mass
transfer coefficient.
V.2.4. Mass Conservation of Metaplast
Metaplast generated from physical melting and primary reactions is
assumed to further decompose to light gases and to simultaneously
repolymerize to coke. The metaplast concentration in the coal particle
can be found by solving coupled differential equations for chemical
generation and consumption of metaplast and for metaplast transport by
diffusion. The control volume is the space occupied by metaplast between
the particle surface and the central bubble interface. No temperature
gradient existing in the control volume is considered. This assumption is
valid for the particle size small than 200 - 500 pm at the heating rate
of 103 K/s (Howard, 1981; Zielinski, 1967; Unger and Suuberg, 1981). The
mass transport equation is
DZj Deff,j a azj Generation rate r Generation rate
- .--(r2 ) + due to primary +j due to physical
Dt r2  ar ar reactions melting
[Consumption rate due to 1
secondary reactions
DZj Deffj 8 2az 1 dG1
(r2 - ) + --{Kl-UC + (rm - -- )).f(Mwj) - K2Zj  (24)
Dt r2  ar ar V dt
such that
M(t,Mw) - Z(t,Mw,r)dV (25)
JV~~wrd
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where Deff,j is the effective diffusivity of metaplast which has a
molecular weight Mwj. This physical property accounts for the combined
effect of vapor diffusivity (DMj,v) of tar in small bubbles as well as
pores and liquid diffusivity (DMj,l) of metaplast in the control volume.
The mathematical concep for Deff in relating to DMjv and DMj,l is
analogous to the effective diffusivity for transportable molecules within
a catalyst particle. Deff is a function of temperature, viscosity, and
molecular weight of metaplast. Further discussion of Deff will be
presented later. Zj (-Z(t,Mwj,r)) is the mass concentration of metaplast
(Mwj), based on the original coal mass (Wto). A subscript j in all
variables denotes a dependence on molecular weight. The substantial
derivative, DZj/Dt, is used to account for convection of tar species by
bulk motion of the liquid. The generation and consumption terms in
equation (24) are acording to equation (3). The initial condition is
@ t- 0., Zj- 0. (26)
The boundary condition at the central bubble-metaplast interface is
prescribed from the assumption that the rate of increase of the mass of
tar vapor within the bubble equals the rate of flow inward across this
central bubble interface,
dZj dWjb
@ r= R2 (t), 4xR 22 Deff,j (27)
dr dt
Mass of tar (Mwj) in the central bubble
Wjb -
Original coal mass
47R 2 3 .Ptj Mw/3 (28)
(28)
Rg.T.Wt
o
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Ptj - Pt(t,Mwj) - Pjv'xj, 2  (29)
xj,2 - Z(t,Mwj,R 2 )/(Mwj .) (30)
Mwn
I - [Z(t,Mw,R2)/Mw]dMw (31)
JMwI
Here Rg - universal gas constant. Raoult's law is applied in equation
(29) to relate the partial pressure of tar species (Ptj) in the bubble to
its mole fraction in the liquid phase at the bubble interface and its
vapor pressure of "pure" tar fraction j (PjV). The tar vapor in the
bubble is assumed to obey the ideal gas law. The quantity PjV thus
depends on the pure tar component (Mwj) and temperature. The total moles
of tar species at the bubble interface in the liquid phase, *, is assumed
to be in a pseudo-steady state. Another boundary condition is at the
particle surface, where it is always true that at local steady state
condition, i.e. when no material is lost at the interface,
Flow flux of metaplast outward 1 Flow flux of tar out of (32)
across the particle surface ) tha particle surface
dZj DMj ,v-C, Mw
@ r- R1, -Deff,j -Yj,( ) (33)
dr RI  Wto
C, - Pa/(RgT) (34)
where DMj,,v is the diffusivity of tar (j) in the vapor phase, a
function of temperature, molecular weight of tar, and ambient pressure.
C, is the overall molar concentration rf gases (including tar vapor,
ambient, and pyrolysis-generated gases), based on the original coal mass.
Yi,l is the molar fraction of tar vapor on the particle surface. A
201.
pseudo-steady state radial diffusion is posed for the transport of tar
vapor away from the particle, since the time scale for adjustment of
gradients is short compared to the characteristic time scale for
pyrolysis (Suuburg, 1985). Its derivation is presented in Appendix A.(a).
This boundary condition is valid when the mass transport of tar vapor
through the boundary layer surrounding the particle is comparable (i.e.
equivalent in importance) with the mass transport of liquid metaplast in
the particle shell. In this case, again, Yjl, can be related to the molar
fraction of liquid metaplast at the interface (xjl,) by Raoult's law.
Yj,l xj,l-Pjv/Pa, @ r- R1 (35)
xj,l - Z(t,Mwj.R 1)/(Mwj .T) (36)
Mwn
T - [Z(t,Mw,R 1)/Mw]dMw (37)
However, DMj,v.Pjv may be greatly increased due to increasing
temperature during pyrolysis. The increase of DMjv-Pjv may cause the
decrease of molar fraction of metaplast on the particle surface; thus,
eventually the boundary condition may shift from the equilibrium of vapor
and liquid phases to a liquid-phase-drained boundary, i,e.
@ r - R1 , Zj - Z(t,Mwj,R 1) - 0. (38)
Low molecular weight of tar species and low ambient pressures can
also cause the increase of DMj,v-Pjv and exaggerate the shifting of
boundary condition. When Z(t,Mwj,R 1)= 0 (or xj,l 0) at the interface,
Raoult's law is no longer applicable. This does not mean that liquid
metaplast can not evaporate to the surrounding. In fact,
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@ r- R1 , Nj, 1 - Flux of tar out of the particle
- -Deff,j dZj/dr (39)
Because equation (32) is always true at steady state, yj,1 can be
calculated by equation (33), i.e.
Deff, j -Rl-Wto dZj
yj,I - "(- - ) (40)DMj,v-Cv-Mwj dr R1
Figure V.4 summarizes the discussion of the shifting of boundary
conditions.
Equation (24) with its initial and boundary conditions allows one to
calculate the intra-particle metaplast concentrations as a function of
time, radial coordinate, and metaplast molecular weight. The total
partial pressure of tar species in the central bubble is calculable via
Raoult's law, provided that their liquid phase mole fractions at the
bubble interface can be calculated.
V.2.5. Mass Conservation of Gases
The objective of this section is to relate the partial pressure of
pyrolysis-induced gases (Pg) in the central bubble to the gas generation
rate due to primary and secondary reactions. A similar approach to that
for the mass conservation of metaplast can be used; that is to solve a
diffusion equation describing gases transport in the liquid phase, with
appropriate boundary conditions and interfacial equilibrium theorems such
as Henry's law. However, such an approach adds more computational burden
to the entire mathematical modeling because of simultaneously solving two
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second-order partial differential equations. Since more theorems to be
established regarding the interfacial equilibrium of molten coal and
gases dissolved in that medium, for the present model it was decided in
the interest of simplicity and practicality to assume that the gas
concentration in the metaplast (Cg,l) is spacially uniform and can be
expressed as:
dCg,l Generation rate Escaping rate (E2)
t - (dG/dt) of pyrolysis of gases through
dt generated gases the bubble interfacef Escaping rate (3)
of gases through (41)
the particle surface
that is mass transfer of gases within the liquid phase is so rapid that
there are no intra-metaplast gradient of gas concentration. The rate of
gas evolution through either the bubble interface or the particle surface
is defined as
Concentration difference
Rate - (Surface area).(Diffusivity). (42)
Diffusive length
Therefore,
a1 4wR 22.[Dg(CR2 - Cb)/6]Inside the bubble
(43)
-
44RI2.-[Dg(CRI - Ca)/6]Out of the particle
Ci - Yi'Mwg'P/(Rg'T'Wto), i - R1 , R2, b, a (44)
where Yi - vapor phase mass fractions of gases at R1 , R2, b (in the
bubble), and a (in the surroundings), respectively; Mwg - average
molecular weight of gases; 6 - boundary layer thickness; P - pressure
either in the surroundings (i-R1 or a) or in the bubble (i-R2 or b). Let
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6jInside the bubble - R2  (45)
61Out of the particle - RI  (46)
Since
Dg 9 1/P (47)
Equation (43) can be rewritten as
S R2'.(YR2 - Yb)Inside the bubble
(48)
3 R1-(YRI - Ya)Out of the particle
Further definition of
-1 (yR2 - yb)InSide the bubble
S(49)
(YRI - Ya)Out of the bubble
gives
S- (R1 -K/R2 )-R (50)
Substitution of equation (50) into (41) and assumption of a steady state
for gases in the metaplast due to low solubility (Oh, 1986) give
dG dC
= - (-- )/(l. + R 1 ·-/R 2) - (51)
dt dt
where Cg is related to Pg by ideal gas law:
Pg - Cg RgT-Wto/(47R 2 3-Mwg/3) (52)
Here . is a physical parameter which is adjustable for the contribution
of gases to the bubble expansion and further for the timing of breaking
through the particle shell. K is expected to affect mainly the time
history of bubble expansion, but to have little impact on product yields.
In rapid heating the time for the bubble expansion before bubble rupture
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is very short, compared to the entire pyrolysis time. Calculations given
later support this statement.
V.3. SWELLING, HOLE CREATION, AND SUBSEQUENT VOLATILE TRANSPORT
The particle radius as a function of time is determined by equations
(18) and (19), which utilize equations (29) and (52) to compute Pb as the
summation of the partial pressures of tar and gases. A swelling ratio ,
R , is defined as
R* - R1(t)/RO (53)
Growth of the central bubble decreases the thickness of the outer
shell. This may continue to a point where the internal bubble pressure
exceeds the shell yield stress, resulting in shell fracture and/or
perforation of the shell by one or more orifices. The dynamics of these
proceses are expected to depend on coal type and pyrolysis kinetics,
since both influence intra-particle inventories of metaplast and
volatiles, which in turn govern the extension and thinning of the plastic
shell. Various approaches for estimating the critical shell thickness at
which orifice creation begins are possible. One method discussed in
Chapter IV requires knowledge of weight loss and swelling ratio at the
time of bubble rupture. It then computes the critical shell thickness
from a mass balance and the assumption that the mass of all the
undevolatilized coal resides in the shell. Another more empirical
approach is to assume that there is a distribution of compliant shell
thicknesses and then determine the parameters of the distribution by best
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fitting shell thicknesses observed in electron micrographs of chars
recovered from controlled pyrolysis of softening coals. A third, more
formal approach would calculate critical shell thicknesses using
established theories of shell failure in deformable bodies undergoing
known internal stresses. Implementation of this method could require
reliable data on key elastic modulii of the medium which may be difficult
to obtain for softened coals.
In the present model, the bubble-rupture is registered when the
swelling ratio is greater than the experimentally observed swelling
ratio. Since R1 is related to R2 via equation (19), bubble-rupture can
also be registered when the particle shell thickness (R1-R2) is less than
a critical shell thickness (Ac). The latter can in turn be estimated from
shell thicknesses obtained from SEM photographs on actual coal pyrolysis
chars.
Once the shell has been perforated, the internal bubble pressure is
assumed to be equilibrated with the ambient pressure virtually
instantaneously, resulting in a sharp transient in the volatiles
evolution rate, and establishing a revised particle morphology wherein:
(A) volatiles subsequently released into the large internal cavity are
rapidly transferred to the coal surface by molecular diffusion via the
shell puncture(s); and (B) diffusion of gas and tar constituents within
the liquid coal (metaplast) becomes the rate determining mechanism for
volatiles escape from the particle. Inspections of SEM photographs for
chars reflecting different extends of pyrolysis of the coal shows that
the shell punctures precedes resolidification of the shell. Diffusion
across the internal interface of the shell can be mathematically
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described using the same types of boundary conditions as those describing
diffusion out of the shell at the particle surface, i.e.
dZj DMj,v.C
,  Mwj
@ r - R 2 , Deff,j "Yj,2( ) (54)
dr R2  Wt o
Yj,2 - xj,2"PjV/Pa (55)
C, and xj,2 have same definitions as that in equations (29) and (33). The
detailed discussions for the formulations are presented in Appendix
A.(b).
Post-expansion shrinkage of coal particles during the softening
stage of pyrolysis has been observed experimentally. It is expected that
particle contraction can be modeled in analogy to particle swelling, by
balancing surface tension, viscous, and pressure forces, while accounting
for the dynamics of volatiles and metaplast generation and depletion.
However the present model does not consider all aspects of coal
contraction as mentioned above. Only the volumetric shrinkage of the
particle due to metaplast depletion is taken into account. Such shrinkage
shortens the diffusive length of metaplast and leads to a quadratic
increase of tar yield. The implementation of the volume shrinkage is
necessary particularly for high peak-temperature pyrolysis which
experimentally has a high yield of tar.
Assumpting that the overall density of the particle shell (including
liquid metaplast, coke, unreacted coal, and ash) is constant, the volume
(V) of the particle shell is proportional to its weight (W) in the same
domain. Thus,
209
V(t) Vo(t-0.)
0- (56)
W(t) Particle shell Wo(t-0.) Particle shell
W(t) Particle shall - (Ash) + (Unreacted coal) + (Metaplast) + (Coke)
- fa + UC + (U - Pm) + M + E (57)
V(t)IParticle shell - 4X[R 1 3 (t) - R23 (t)]/3 (23)
All variables in equation (57) can be calculated from the model. Thus,
given equations (56), (57), and (23), R1 and R2 can be calculated by:
(i) fixing Rl(t) (-Rl(t*)) and varying R2(t),
(ii) fixing R2(t) (-R2(t*)) and varying Rl(t), or
(iii) Varying Rl(t) and R2(t) at the same time.
where t* is the time when the bubble rupture occurs. In this model, the
first one is applied. The selection of (i)-(iii) above does not impact
significantly on the particle surface area or the tar yields. The small
differences in calculated surface area are well within the uncertainty
incurred by the simplified picture for the experimentally observed
morphology changes.
In analogy with the physical melting as a source of metaplast
generation within the particle, metaplast depletion by physical
resolidification during the period of quenching (i.e. liquid metaplast
becoming solid metaplast) is also considered. With a similar expression
and assumption to equation (4), the resolidification rate (Rl6s) of
metaplast is
dMs(t) UT* (T - Tz)2
Rls(t) - = -exp(- )-m, T < T* (58)
dt (2 )½.CaT 2aT 2
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Rl0s(t) - 0., T > T* (59)
where Ms - quenching-induced solid materials, which was assumed to be
evenly distributed in the particle shell; UT* - amount of liquid
metaplast at temperature T*. T* is defined as T* - Tz + 2 .4.OT, 2.4
standard deviations about the mean temperature, to include the entire
temperature distribution within a 99.% of confidence interval. In
practical, the metaplast preceding the resolidification may be chemically
and physically different than that formed by melting of the coal;
therefore different values of UT*, UT, and Tz may be required. However,
in the absence of more complete information, the values of aT and Tz are
assumed to equal that defined in equation (4).
V.4. YIELDS OF TAR, GASES, RESOLIDIFIED MATTER AND METAPLAST REMAINING IN
THE COAL PARTICLE
The tar yield in this model can be calculated in two ways:
(i) Tar evolution rate and (ii) mass balance.
As discussed in the previous sections, tar can escape from both the
particle external surface and the bubble interface. Its overall rate of
evolution from the paricle is
dTar(t,Mw)
7=rdt R12-Njol + R22-Njol4idt RI  R2
dZj dZj 1, th t**
SR12(Deffj 1 -) + R22.(Dff
dr R1  dr R2  0, t < t**
(60)
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and
dTar(t) Mw n
- (dTar(t,Mw)/dt)dMw (61)
dt JMwl
where t** - pyrolysis time when hole creation occurs. The molecular
weight distribution of tar is
k(t,Mw) - Tar(t,Mw)/Tar(t) (62)
Another way to calculate the tar yield is by a mass balance. During
pyrolysis, the overall mass fractions of coal include tar (Tar(t)), ash
and moisture (fa), unreacted coal (UC(t)), unsoftened pre-existing
metaplast (U-Mp(t)), liquid metaplast (M(t)), Coke (E(t)), and pyrolysis-
generated gases (G(t)). Therefore
Tar(t,Mw) - [1. - fa - UC(t) - U + Mp(t) - Gl(t)]-f(Mw)
- E(t,Mw) - M(t,Mw) - G 2(t,Mw) (63)
and
Tar(t) = jTar(t,Mw)dMw = 1 - f, - UC(t) - U + Mp(t) - E(t)
JMwl
- M(t) - G(t) (64)
The overall inventories of metaplast remaining in the coal particle is
n Wn
M(t) - M(t,Mw)dMw - Z(t,Mw,r)dVdMw (65)
JMwl fMW1Vt
The molecular weight distribution of metaplast is
X(t,MW)= M(t,Mw)/M(t) (66)
and the molecular weight distribution of tar (?(t,Mw)) can be calculated
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by equations (63) and (64).
The pyrolysis-induced gases and coke are calculated by equations (7)
and (8), respectively. With the appropriate physical properties of coal
and the aid of experimental data to provide best fit values of certain
key parameters, product yields from softening coal pyrolysis subject to a
wide range of experimental conditions are numerically predictable.
V.5. MODIFICATION FOR HIGH-PRESSURE PYROLYSIS
The discussion in sections V.2 - V.4 is aimed at the modeling for
low-pressure pyrolysis. At high pressures of ambient gas, the particle
morphology may be significantly different than that shown in Figure V.1.
Small but many bubbles exist within the particle. Those small bubbles
give a significant increase in the surface area and further a high
opportunity for tar to undergo heterogeneous reactions on bubble and pore
walls when tar percolates through the particle. Results presented in the
next chapter show that heterogenous reactions of tar provide a fairly
good explanation for the experimentally observed decrease of tar yield at
high pressure.
In this model, a first order kinetic scheme for the heterogeneous
reaction is proposed:
Ks
Tar + (Surface) - Gases + p.Coke
One approach to calculate the yield of tar collected outside the
particle is to solve the following two second-order partial differential
equations similtaneously:
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Vapor-phase,
Gtarja 2  Ctar,j Tar generation rate
- De, (r) + due to evaporation
8t r2r ar from void wall, (Q4)
Tar consumption rate due to heterogeneous 1 (67)
reactions on void wall
Liquid/solid phase,
azj a .azj Metaplast generation rate
DMj, 2 (r + due to primary reactions
at r2-ar ar and physical melting
Metaplast consumption Metaplast consumption
rate due to secondary - rate due to evaporation (68)
reactions to the voids, (0)
where Ctar,j = vapor concentration of tar (molecular weight Mwj) within
the paricle, based on the original coal mass; De,j - effective vapor
diffusivity of tar (Mw - Mwj). Zj and the DMj,l have the same definitions
as before.
The above equations are analogous to the mathematical formulation
for heterogeneous reactions occurring in a catalyst, where heterogeneous
reactions on pore wall are mathematically treated as homogeneous
reactions (Bird et al., 1960; Froment and Bischoff, 1979). The tar
generation rate (4) due to evaporation from void walls in equation (67)
equals the metaplast consumption due to evaporation to the voids
[equation (68)]. Computation of this metaplast evaporation rate requires
that the local metaplast concentration be known and thus that equation
(68) be solved. Therefore, tar yields can be predicted by simultaneously
solving equations (67) and (68) with appropriate boundary conditions.
However, this is not easy, since tremendous amount of computation time
would be required. Furthermore a separate model would be required for
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high pressure pyrolysis detracting from the original goal of developing a
single model which can account for a wide range of ambient pressures.
Therefore, a better approach is to modify the low-pressure model
described in the previous sections. The approaches to the modification
are: (1) to conceptualize Figure V.5.a to V.5.b and (2) to mathematically
treat reactions of tar vapor at interfaces as homogeneous reactions, with
an assumption that the concentration of tar vapor within the coal
particle reaches a pseudo-steady state.
Equation (67) can be rewritten as
a 8Ctar,j
SDej (r2. ) - - KvCtar,j (69)
er28r ar
Ctar,j - Cvyj  (70)
Kv = Ks.Pp-S p  (71)
where Cv - overall molar concentration of gases in pores, based on the
original coal mass, mole/cm3;
yj - molar fraction of tar in pores;
pp = particle density, gm/cm3;
Sp - pore surface area within the particle, cm2/gm coal;
Ks - reaction-rate coefficient for the heterogeneous reaction,
based on the pore surface area, cm/sec.
The boundary conditions for equation (69) are:
@ r - 0., Ctar,j = finite values (72)
@ r - R, Ctar,j - Cs,j (73)
Multiplying by r2Mwj/Wto in equation (69) and integrating from 0. to r
with respect to r, one obtains
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(a) (b)
Pore Wall
(c)
Figure V.5. Simplified schematic cross-sections of morphology in a
bituminous coal during pyrolysis:
(a) at high ambient pressures, (b) at low ambient pressures,
(c) mathematically conceptualized morphology from (a).
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r2Nj -J (r2-4)dr - j(Kv-Cv.y j.r2)dr.(Mwj/Wto) (74)
where
Nj - -De,jCv
.
(dyj/dr).(Mwj/Wto) (75)
The first and second terms in equation (74) are generation and
consumption terms, respectively, and Nj, according to Fick's law, is the
dimensionless flux of tar, based on the original coal mass. Thus, the net
escape rate of tar from the particle (d(Tar)/dt) is
d(Tar ) R Mw
- 41rR2Nj - 4 (r2A-)dr - w(K. Cv.Y j r2)dr (76)
dt Wt o
The derivations of equations (74) and (76) are based on the morphology in
Figure V.5.a. It is constructive to conceptualize Figure V.5.a to a form
similar to the particle morphology at low pressure, i.e. to Figure V.5.b.
The result is Figure V.5.c. Equations analogous to equations (74) and
(76) may then be written for the conceptualized morphology in Figure
V.5.a as follows:
r 2 Nj- RI2 NJo R-(Kv.Cv-yj.r2)dr -(Mwj/Wto) (77)
d(rarj)'
Net escaping rate of tar - d(Tar) 4R 2 Nil (78)
dt
The boundary conditions for equation (77) are
@ r - Rl, yj = Yj,l (79)
@ r - R., yj - Yj,s (80)
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where Nje - flux of tar escaping from the particle surface (r-Rl),
P, - distance away from the center of the particle,
yj,s - tar molar fraction at R,.
Appropriate R, and Ys,j are chosen such that
d(Tarj) d(Tarj)'
- (81)
dt dt
Equation (77) suggests that Figure V.5.a may be mathematically
conceptualized into Figure V.5.c in which the pore wall, where the
heterogeneous reaction occurs, is imaginarily separated from the
metaplast phase as a contiguous shell attached to the particle.
Because of the facts that at high ambient pressure a small quantity
of tar is expected and thus the molar fraction of tar away from the
particle is also expected to be small, yj,s is assumed to equal zero.
The solutions to equation (77) are (see Appendix A.(c). for detailed
derivation)
yj,l-R 1 -Sinh[w•(R, - r)]
yj - (82)
r.Sinh[w-(R, - R 1)]
S- JKv/De,j - JPp.Sp-Ks/De,j (83)
and
dyj MwJ
Njo - -CvDe I,
dr jr-R 1 Wto
CV'De,j'Yj,I Cv*De,j'YjI1"
Njo + -(Mwj/Wto) (84)
RI  Tanh[w-(RP - R1)]
Comparisons of equation (84) with the boundary conditions of equation
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(24): equations (33) and (54) show that the second term in the right-
hand-side of equation (84) is for the modification.
d(Tarj) Cv. De,jyj,1w-·.R1%-.-Mwj
- (r 2 Nj)Ir-R - (85)
41dt a Sinh[w-(R. - R1)]-Wto
Substituting equation (84) into equation (85) for CvYj,lDe,jMwj/Wto gives
d(Tarj)
= (NjoRl 2 ).?7 (86)
44rdt
Rmw
-'(87)
1. + -Sinh[w-(Rý - R1)]
Tanh[w*(R, - Rl)]
(NjoR12 ) is obtained from equation (84) or from the replacement of
equation (60), i.e.
r dTar(t,Mw) )}
NjoR12 - 4d in equation (60) (88)
and n is a pressure factor which accounts for the effects of pressure on
the tar evolution rate calculated at low pressure. Assuming (1) Ks has an
Arrhenius form:
Ks - Kso.exp[-Eas/(RgT) ]  (89)
where Kso = pre-exponential factor,
Eas - activation energy of heterogeneous reactions;
and (2) De,j is approximated by DMj,v gives
w - JKwo-exp[-Eas/(RgT)]/DMj,v (90)
219
Kwo - Kso*Pp.Sp (91)
Recalling the idealized conceptualization of the particle morphology
at high pressure (Figure V.5.c), when pressure declines R, approaches the
particle radius (Figure V.5.a). Appendix A.(d). shows quantitatively that
Lim n - i. (92)
demonstrating that the more general form of the tar evolution model for
coal at high pressures [equation (86)] exhibits the low pressure limiting
behavior as pressure declines. In summary, the calculated tar yield can
be obtained from equation (86) by fitting Kwo, R,. and Eas in addition to
those fitting parameters discussed in the previous sections to
experimental tar yields at high pressures.
V.6. PHYSICAL PROPERTIES OF COAL MELT AND TAR
V.6.1. Viscosity of Coal Melt
The melt viscosity is an important parameter for the determination
of particle and bubble expansions in this model. The apparent melt
viscosity is correlated as a function of mass fraction of metaplast (M)
in the coal particle :
p1/* - (9./8.)/{((-M)- "/3 - 1) (93)
A* is the viscosity of the solid-free liquid metaplast. The expression
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was reported by Frankel and Acrivos (1967) and supported by Schiller et
al. (1980) and Bockrath et al. (1977). Fong (1986) used a fast response
plastometer to measure the apparent viscosity of Pittsburgh No.8 Seam
coal under rapid pyrolysis. Applying a proposed kinetic model for M, Fong
showed that an average value of 1200 poise for p* in the above equation,
which was estimated from Nazem's (1980) work on carbonaceous mesophase
pitch, gave a general agreement between the predicted apparent viscosity
of melt and his experimental data. A typical apparent viscosity abtained
from Fong is shown in Figure V.6 with a range of 104 - 105 poise.
Another correlation for the melt viscosity was proposed by Oh
(1985):
CY-exp(-EM/RT')
=- (94)
(1-M)-1 /3 - 1
T'-T(K) at temperature < 723 K,
T'-723 K at temperature > 723 K.
Ep (activation energy- 43 Kcal/mole) was obtained from Nazem (1980).
A similar value of the activation energy was also reported by Chao
(1979). Oh took into accounts the temperature dependence at low
temperatures (< 723 K) to explain melting of pre-existing metaplast and
resolidification of the softening coal where both repolymerization
reactions and metaplast transport were presumably negligible. C1 was a
constant and was given according to the correct order of magnitude of a
minimum viscosity obtained from Fong's results.
A number of researchers (Wilson et al., 1981; Hwang et al., 1982;
Brule et al., 1982; Watanasiri et al., 1982) have recognized that a great
error in estimating physical properties of coal liquid fractions from
lUeJoddV
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petrolum fractions may be generated due to that (a) available data on
petroleum fractions often do not extent to high enough temperatures and
(b) coal-derived liquids are significantly more aromatic and have much
greater heteroatom contents than conventional petroleum fractions (Gray
et al., 1983).
Other correlations and modelings for the viscosity of coal-derived
liquids were also reported by Kwang et al. (1982), Christensen et al.
(1984), Tao and Billimoria (1984), Tewari et al. (1979), and Okuma et al.
(1988).
V.6.2. Surface Tension of Coal Melt
Surface tension of the coal melt is also mathematically required for
the calculations of particle and bubble expansions. Unfortunately, the
dependences of temperature, pressure, and accountable conditions on the
surface tension are poorly understood. At high temperature, no surface
tension data for coal-derived fluids are essentially available. Gray et
al. (1983) and Hwang et al. (1982) have reported the surface tension data
of coal-liquid-containing mixtures up to 673 K and 2000 psi.
Qualitatively, the surface tension of coal-liquid mixture decreases with
increasing pressure and temperature. Its values varies from 10 to 35
dyne/cm at temperatures in the ranges of 310 - 670 K. At room
temperature, the surface tensions of coal tar distillates are about 25 to
40 dyne/cm (Briggs and Speak, 1966). Attar (1978) estimated the surface
tension in the range of 20 to 35 dyne/cm. Lewellen (1979) and Fong (1987)
used the value of 50 dyne/cm in their studies of coal melt.
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Because of the lack of experimental results and reliable
correlations of the coal melt and the relative insensitivity of the model
to the surface tension, the surface tension is assumed to be a constant
in this model.
V.6.3. Vapor Pressure of Metaplast
Vapor pressures of coal liquids are usually described by empirical
correlations and equations of state. Homann (1977), Maiorella (1978),
Unger and Suuberg (1983), and Niksa (1988) proposed similar correlations
which were expressed as functions of temperature and molecular weight of
metaplast species (Mwj):
Homann's : PY - 1.23 x 105-exp(-236MwQ. 6 54 /T) atmJ J
Maiorella's : PY - 6.23 x 105-exp(-561Mwj.474/T) atm
Unger and Suubergs' : PY - 5.756 x 103-exp(-255MwQ. 58 6/T) atm
Niksa's : PY - 70.07-exp(-1.6Mwj/T) atm
Figure V.7 plots the calculated vapor pressures from the above
equations as a function of molecular weight at 1100 K. Figure V.8 is that
as a function of temperature for the molecular weight of 400 gm/gmole. A
detailed sensitivity for the tar vapor pressure incorporated in this
model will be performed. The experimental data of Oh (1985) on the MWD of
pyridine extracts of char will be used for the Mwjs expressed in the
above correlations.
Other correlations were proposed by Wilson et al. (1981), Brule et
al. (1982), and Gray et al. (1983, 1985). Their correlations involved
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critical properties, acentric factors, characterization parameters, and
adjustable parameters in addition to complexity. Wilson et al. studied
the vapor pressure at temperatures to 755 K. He used specific gravity and
mid-boiling point (50 wt% distilled temperature) as the input parameters
to the correlation proposed by Maxwell and Bonnell (1957). Brule et al.
developed a modified Benedict-Webb-Rubin (BWR) equation-of-state to
correlate the vapor pressure data from petroleum and coal chemicals. Gray
et al. reported that experimental vapor pressure data of coal liquid
could be well correlated by a modified Grayson-Streed (1963) and by the
wilson et al. (1981) vapor pressure equation. Later, Gray et al. (1985)
also reported that the modified BWR equation-of-state developed by Brule
et al. specifically for coal fluids gave the best representative of vapor
pressure data.
V.6.4. Vapor Diffusivity of Tar
The vapor diffusivity of tar is taken from a correlation developed
by Zacharias (1979). The correlation is a modified Fuller-Schettler-
Giddings (1966) equation with a high temperature correction suggested by
Sherwood (1975):
0.00416T1'5.(1/Mw + /Mwamb.) D(3 0 0 ) 2/sec
DM,v + cm2/sec (95)
P[(Ev)> + (Ev)ambl/3]2.OD(T)
where OD is the collision integral; 300 is a reference temperature in K.
P is the ambient pressure in atm. (Ev)j and (Ev)amb. are the sum of the
atomic-diffusion volumes for the jth tar molecule and for the ambient
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gas, respectively. For example, (ZW)He - 2.88. By applying a Gavalus
(1976) molecule, (Zv)j - 1.18Mwj. The OD function is expressed as
OD - 0.001615(kT/e)2 - 0.054152 (kT/e) + 1.1011
k/e - [(k/e)(k/e)He]I
where k/e -1./10.22
(k/e)He - 396.26-b/a
a - [6.57x10 5.(Mwj/984.) + 1.89x105 .(984./Mwj) + 4.84x104]3/2
b - [241..(Mwj/984.) + 80.4.(984./Mwj) + 17.1]4 /3
V.6.5. Effective Diffusivity of Metaplast
The effective diffusivity of metaplast (Deff) accounts for the
combined effects of DMj,v amd DMj,l. Since DMj,l is expected to be much
smaller than DMj,v and in turn limits Deff, the following discussion will
focuses on DMj,l. Little literature information could be found on
diffusivity in coal liquid. American Petroleum Institute Technical Data
Book (1983) recommends the diffusivity equation developed by Umesi (1980)
for the diffusivity in liquids. A detailed discussed can be found in
Tsonopoulos et al. (1986).
Oh (1985) estimated the diffusivities of gaseous volatiles and
liquid metaplast from a simple correlation of temperature and viscosity.
A constant in the correlation was adjusted to give a maximum diffusivity
of 10-7 cm2/sec. Gavalas (1982) used the Stokes-Einsten equation to
obtain a liquid diffusivity of 10-1 4 cm2/sec which was much lower than
Attar's (1978) 10-8 cm2/sec of CH4 in the coal melt. The diffusivity of
naphthalene was estimated to be an order of 10-9 cm2/sec at 1000 K by
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Suuberg (1985) from an empirical correlation, developed by Riazi and
Daubert (1980) for self-diffusion coefficients of hydrocarbon liquid. By
further comparing with the values of tar estimated by Hershkowitz (1985),
suuberg concluded that the appropriate range of diffusivities for tar
should be of order 10-6 - 10"9 cm2/sec.
In this model, a correlation for the effective diffusivity of
metaplast is proposed as
C-Tn
Deffj M m.Mw~ n-l.5, m-k-2/3 (96)
C is left as a constant parameter to be fitted to the experimental data
of tar yield. n, equaling to 1.5, is a compromised value from several
available correlations of liquid diffusivities reviewed in Reid et al.
(1986) and other sources. The diffusivity is linearly dependent on
temperature in the Wilke-chang (1955) and Tyn-Calus (1975) correlations,
but n > 1 in the Hayduk-Minhas (1982) method. Riazi and Danbert (1980)
gave n-1.83. The power of 2/3 in the viscosity term (p) is taken from Oh
(1985), Riazi and Daulbert (1980), and Hiss and Cussler (1973). Oh had
the conclusion by examining the results from Hayduck and Chang (1973),
Hayduck et al. (1973), McManamey et al. (1973), and Hiss and Cussler
(1973). Riazi and Daubert derived the value by dimensional analysis. Hiss
and Cussler claimed that (Diffusivity)'(viscosity)2 /3 - constant by
measuring the diffusion coefficients of hexane and naphthalene in high
viscous hydrocarbon oils. The diffusivities of hexane and naphthalene
were experimentally in the order of 10-5 - 10-8 cm2/sec corresponding to
5 - 5x104 poise. From those correlations reviewed in Reid et al., the
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diffusivity is also a function of molecular volume (Vj) of solute. The
power of Vj is between 1/3 and 0.7. Vj of liquid metaplast is not
essentually possible to be found in any literature and thus is assumed to
be replaced by its molecular weight. The assumption of the dependence on
the molecular weight of metaplast is supported by the experimental
results of molecular weight distributions of liquid metaplast and vapor
tar, reported by Unger and Suuberg (1983, 1984), Suuberg et al., Oh
(1985), Suuberg (1985), and Fong (1987). They observed that pyridine-
extractables (a denotation of intra-particle inventary of liquids) had
higher molecular weight than that of tar. This phenomenun can be
interpreted as that the light fractions of metaplast are more readily
treansported into the surrounding to form tar and cause the residence of
the heavier portions. Furthermore, the term of molecular weight is
implied by Wand and Russel (1981). They investigated the effect of
unequal diffusivities due to small and large molecular weight of gas-
phase components on the model developed for hydropyrolysis of single coal
particle.
V.7. NUMERICAL APPROACHES
The finite difference method is applied to numerically solve the
mathematical formulation proposed for the model. However, it should be
pointed out that large numerical errors from the following two sources
may be generated from directly applying the method: (1) moving boundary
of the particle (i.e. swelling) and (2) stiff multi-boundary layers as a
function of molecular weights of metaplast in the liquid-metaplast phase.
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To minimize the numerical errors, variable transformation prior to
applying the finite difference method to the diffusion equations is
necessary.
The first problem can be overcome by transforming the dependent
variable Z(t, Mw, r) (-Zj) into a boundary-independent variable. A front-
fixing method (Crank, 1982) is used, i.e. set
r 
- R2(t)
((t) - (97)
Rl(t) 
- R2(t)
The derivatives of ( with respect to r and t are
dI 1
(98)
dr R1 - R2
d- -1 dR1 dR2
( (r - R2)-- +(R 1 - r) - ) (99)
dt (R1 - R2)2  dt dt
and the derivatives of Zj with respect to r and t are
8Zj azj d( 1 aZj
(100)
ar a8 dr (R1 - R2) a8
82 Z 1 82 Zj
(101)
ar2  (R1 - R2)2 a 2
azj azj a Z d( aZj 1 dR1  dR2 aZj
-- + .-- (--- + (1 - ()---- (102)
at r at 1 a dt at R1 - R2  dt dt a8
Substitutions of equations (97) and (100) - (102) into equation (24) give
azj a2 ZJ 8Zj 1 dGl
- al(t) + a2 (t)-- + - KUC + (rm - -- ) .f(Mwj) - K2Z j
at a( a( V 3dt)
(103)
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where
DeffJ
a1 (t) -
(R1 - R2)2
(104)
2 Deff,j
a 2(t) -
(R1-R2)[C(R 1-R2) + R2]
Rewrite equationm (27) - (31) as
@ r -R 2
1 dR1 dR2 R2  dR2+ - C- + (1 - C)-- - (.-(-)22
R1-R 2  dt dt r dt
(105)
dZj dZj
S 01- + P 2 "zjdr dt
where
41 - R2-q/( 3Deff,j)
1 R2 d[
12 -
Deff,j 3Rg.Wto
pY
Rg T.Wto*•
This is
@ - 0.
or
PY/(T.-) IJ dR2+ 7 ----dt I
1 dZj a. 1 dR2 azj 12  fi 
+ 
t2 
Zj
Rl-R 2 d. at R1-R 2 dt 8(
dZj azj
b= I -- + b 2 ' j
dý at
,1-(R1 
- R2)
bl(t) -
1 + l.-dR 2/dt
#2.(R1 - R2)b2(t) =
1 + fl-dR2/dt
(106)
(107)
(108)
(109)
where
(110)
(111)
(112)
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Rewrite equation (33) as
@ r - R 1, dZj/dr - a.Zj (113)
where
DMj,v'PT
a - D(114)
Deff,j Wto-Rg- T -R I . T
This is
@ 1 -  , dZj/de - cl.Zj (115)
where
c1 - (R1 - R 2)-· (116)
The numerical error resulting from a stiff internal boundary layer
can be reduced by increasing (1) equally-spased grid points in the entire
computational domain or (2) unequally-spased grid points near the
boundary. The first approach requires much more computational time in
compensating for the increase of accuracy. For the concerns of efficiency
and accuracy it is wise to apply the irregular mesh point methods to
describe the metaplast concentration profile, since the concentration of
metaplast is expected to be stiff near the boundary because of low
Deff,j. The irregular mesh points are created in the physical domain,
0 < 5 1, by transforming the physical coordinate ( ) into a
computational coordinate ( ) in which the space is equally divided.
Figure V.9 shows the idea of the irregular mesh method, where e is a
parameter which governs the grid density near the boundary.
Let
= Tan((i - 2E)(6 - 1/2)) (117)
The transformations of azj/a8 and a2zj/a 2 give
(1) ( (physical coordinate)
8
Linear Transformation
0
11/2 1
e + r/2 - c
i - 2c
Tangent Transformation
S(computational coordinate)
Se
6
Tan[(r - 2e)(( - 1/2)]
Figure V.9. Schematic transformation of physical coordinate to
computational coordinate
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(2) e
-r/2 + e
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aZj dC aZj azj
(-- (118)
a• a• a• a
2Zj a a2z a2 aZ j a2 Z. aZj
(( )2 2  +(-- O + 02 (119)
aý2 B 2  aý2 a2 a2
where
01 - (t - 2e)Sec 2 [Tan-1ý] (120)
02 - 'Sin[2-Tan-l 1 ]  (121)
Substitutions of equations (118) - (119) into (103), (110), (115) give
azj a2zj azj
Si-2 + 102- + F(t) - K2.Zj (122)
at a82  a
dZj azj
@ C - Tan(- w/2 + e), w3- + 4 .Zj (123)
dZj
@ - Tan (r/2 - c), w5Zj  (124)
dý
where
F(t) - (K1 -UC + (rm - dGl/dt))/V (125)
w1 - al .1  (126)
w2 = al-i2 + a2- 1  (127)
03 - bl/0l (128)
04 - b 2/0 1  (129)
05 = cl/01 (130)
Equation (122) can be further discretized into a set of ordinary
differential equations by a finite difference approximation. For
convenience, a new notation Zi(t) is defined as
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Zi(t) - Zj(t, ih) - Z(t, Mwj, ih)
where i - 1,2,.-*,N
h - 2Tan(x/2 - e)/(N-1) - Grid space
N - total number of grid points.
Equation (122) is discretized into
dZi
dt
Zi-1 - 2Z i + Zi+I
(131)
(132)
Zi+1 - Zi-i
+ "2,i + F(t) - K2.Z i2h
Discretization of equation (123) gives
@ - Tan(- w/2 + (), i.e. i -1,
Z2 - Zo dZ1
(133)-=3- + o4.Z1
2h dt
Zo - -2h[w 3 (dZl/dt) + 4Zl] + Z2
Substituting equation (134) into (132), one obtains
dZ1  i 1 2,1-1+ 2hf 2w, 1  01,1
dt - 1 + 2hw3[ h - - 1 h Z2 - [2hw 4(dt h2 2h , h2 h2
(134)
02,1
2h
2wl,1
h2+ K2)]'Zl + F (135)
Similarly,
@ = Tan (r/2 - E), i.e. i - N,
ZN+1 - 2hw5ZN + ZN-1
Substituting equation (136) into (132), one obtains
(136)
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dZN 2wl,N · 1 W,N w2,N 2WN
- ( )ZN-1 + -- + -- .2hw5 - ( + K2)Z N + F (137)
dt h2  h2  2h h2
As in the discussion in Section V.2.4., the boundary condition on the
particle surface may shift from the equilibration of vapor and liquid
phases, equation (33), to a liquid-phase-drained boundary, equation (38),
i.e. shifting from the above equation to
ZN - 0. (138)
Equations (132), (135), (137) or (138) consist of a set of nonlinear
ordinary differential equations and can be easily solved by the numerical
method such as the forth order Runge-Kutta method.
Another numerical approach to equation (122) is the well known
CranK-Niclson method. This method is an unconditional stable method and
requires much less computational time than the previous one. The detailed
discussion of the Crank-Niclson method can be found elsewhere (e.g.
Isaacson and Keller, 1966). A major differences between the Crank-Niclson
method and the Runge-Kutta method is that the former one is an implicit
approach i.e. using the information (e.g. physical and chemical
properties) at the current time step to calculate the results (e.g.
weight loss and tar yield), while the latter one is an explicit approach
i.e. using the information at the previous time step to calculate the
results at the current time. As seen in equations (122) - (130), the
coefficients wl - 05 are functions of bubble and particle radius which
vary with time. In other words, at any time step the coefficient as well
as the dependent variables are unknown. Thus it seems the explicit method
is in favor. This is true for the period of bubble expansion when the
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bubble and particle radius increase dramaticlly. However, after the
occurrence of bubble rupture, the decrease of the bubble and particle
radius between time steps are minor, since only metaplast depletion is
considered to be responsible for the particle shrinkage. Therefore, in
this time frame the bubble and particle radius are assumed to be in a
pseudo-steady state so that the Crank-Niclson method is applicable.
As a reminder, the boundary condition at the bubble interface is
assumed to be analogous to that at the particle surface [see equation
(54)], after the inauguation of bubble-rupture. Thus, similarly to
equation (124), equation (54) can be rewritten as
@ - Tan(- n/2 + (), dZj/d~ - w6 .Zj (139)
where
06 - c2/01 (140)
c2 = (R1 - R2).a2  (141)
2  DMj,v(142)
Deff,j-Wto
.
Rg-T-R 2' .
Let
Ui,k - Zj(K.At, i-h) - Z(k.At, Mwj, ih) (143)
Applying the central-difference approximation, Equation (122) becomes
Uij+- Ui 1 Ui+1 ,j+l - 2Ui,j+l + Ui-l,j+l
- (Wl)ij+1'( ) +
At 2 h2
Ui+l,j - 2Ui,j + Ui-1, ) +2)ij+
h2 2 i
Ui+l,j+l Ui-l,j+l Ui+l,j - Ui-lj( ~) + (w)~f)
7, j2h I
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Fj+ 1 + Fj
+ (K2, +1Ui, I+1 + K2.IUi.I)/2 (144)
(fl)i,j+l'Ui-i,j+l + (f2)i,j+l'Ui,j+l + (f3)i,j+l-Ui+l,j+l
- (f4)i,j.Ui-1,j + (f5)i,j'Ui,j + (f 6 )i,jUi+l,j + Qj
where
"-(wi)i,j+i (w2)i,j+1(fl)i,j+l "2 +
2h2  4h
1 (wl)i,j+1 K2,j+1
(f2)i.i+l " -- + +
(f3)i ,j+1
(wi)ij+1 (w2)i,j+1
2h2 4h
(145)
(146)
(147)
(148)
(149)
(W1)i,j (w2)ij
(f4i,jh= 2h2 4h
1 (wl)i,j K2 ,j
(f 5 )i,j (150)At h2
(cojijj (02)i,j
2h 2
Qj (Fj + Fj+1) / 2
i = 2,3,. .,N-1
At the time step j+l, equation (145) requires (f4)i,j,
(f6)i,j which are related to (fl)i,j, (f2)i,j, and (f3)i,j
(fg)i,j - f - (1)i,j
(f5)i,j - 2/At - (f2)i,j
(f5)i,j, and
at the set j
(153)
(154)
(151)
(152)
I I - j -- - j - -I j 7
,
I li i i
(f6)i,j - "(f3)i,j
When i - 1, equation (145) is rewritten as
(fl)l,j+l'Uo,j+l + (f 2 )l1 ,j+'Ul,j+l + (f3)l,j+l'U2 ,j+l
- (f4),jUo,j + (f5)1,j'Ul,j + (f6)l,j'U2,j + Qj
From equation (139),
Uo, j - U2 ,j - 2h((w6) j .U1 , j
Uo,j+l - U2 ,j+ 1 -2h((w 6)j+l'Ul,j+l
(155)
(156)
(157)
(158)
Substitutions of equation (152-3) into (151) give
(F2)1,j+I'UI,j+ I + (F 3 ) 1 ,j+ 1 'U 2 ,j+ 1 - (F5)I,j'UI,j + (F6)1,j'U2, j
+ Qj (159)
where
(F2)1,j+l - (f 2 ) 1 ,j+l - 2h(w6)j+l-(fl)l,j+l
(F3)1,j+l - (f3)1,j+l + (fl)l,j+l
(Fs)1,j - (f5)1,j - 2h(wG6 )j(f 4 )1,j - -(F 2 ) 1,j + 2/At
(F6)1,j - (f6)1,j + (f4)1,j - -(F3)llj
(160)
(161)
(162)
(163)
Similarly, when i = N,
(F1)N,j+1'UN-1,j+I + (F2)N,j+l'UN,j+l = (F4)N,j-UN-l,j + (F5)N,j'UN,j
+ Qj (164)
where
(F1)N,j+l - (f3)N,j+l + (fl)N~j+1
(F2)N,j+l - (f2)N,j+l + h(w5)j+l'(f3)Nj+l
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(165)
(166)
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(F4)N,j - -(Fl)N,j (167)
(F5)N,j - -(F2)N,j + 2/At (168)
At the time step j+l, equations (145), (159), (164) are the solutions to
Ui,j+l (i-1,2,---,N). These three equations constitute a special form of
the system:
(F2)1 (F3)1  0
(fl)2 (f2)2 (f3)2  0
0 (fl)3 (f2) 3 (f3)3  0 • . •
(fl)N-1 (f2)N-1 (f3)N-1
• .(Fl) N (F2)N
U 1
U2
U3
UN-1
j+1 UN -
The numerical method for solving this tridiagonal matrix has been well
established. In this work, a Gaussian elimination method demonstrated by
Carnahan et al. (1969) is applied. Briefly, the algorithm for the
solution of the tridiagonal system is as follows. At the time step j+l,
Ul - yl - [(F3)1'U2]/P1 (170)
Here
71 - Q/f1 and =1 - (F2)1
For i - 2,3,...,N-1,
=i - 7i - [(f3)ivUi+l]/#i (171)
where
-l [Q- (fl2)il/~
Q
Q
Q
Q
.Q
(169)
i+l, j . -
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When i - N,
UN - YN (172)
TN - [Q - (FI)N'TN-11/PN
The detailed derivation and discussion for the above equations are given
in the book of Carnahan et al.
Both the boundary conditions on the particle surface (i - N) and the
bubble interface (i - 1) may shift to zero, as mentioned before. In this
case, the first and last columns and rows of the tridiagonal matrix in
equation (169) must be removed with Ul,j - UN,j - 0.
The computer program based on the above derivations is presented in
Appendix C.
CHAPTER VI. RESULTS AND DISCUSSIONS
For the convenience of discussion throughout this chapter, the
proposed model is called the C model, referring to the C-shaped cross-
section of the particle shell as schematically proposed in Figure V.1.
The computer program for the C model is designed to correlate
physical and chemical parameters to the experimental tar yields of
Suuberg (1977) and Caron (1978). They studied Pittsburgh seam no.8 high-
volatile bituminous coal, using a screen heater reactor where the coal
particles were sandwitched within steel screens which were then
electrically heated to a peak temperature at approximate 1000 K/sec,
followed immediately by natural cooling at 400 to 200 K/sec. The time-
temperature history of the coal particles was measured with a
thermocouple. Pressures were vacuum, atmospheric, and 69 atm. The
experimentally measured time-temperature history for each experimental
run is implemented in the computer code of the C model for the
calculation of the tar yield for that run.
Five adjustable parameters are crucial to the C model. They are the
coefficient (C) of Deff and the pre-exponential coefficients and
activation energies of the primary and secondary reactions (Klo, Eal,
K2o, Ea2). The model does not rely on a parameter for the ultimate tar
yield, which is commomly but not always used in first-order single-step
reaction or multi-parallel reaction models. The calculated tar yield and
weight loss result from the competition between mass transfer and coke
formation (secondary reactions).
The strategy for using the tar yields to evaluate the model
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parameters consists of the following steps:
(1) Evaluate C (of Deff) for low temperature (< 800 K) and one atmosphere
using the tar yield obtained under these conditions and assuming the
primary and secondary reactions are negligible, comparied to physical
melting under these conditions.
(2) Evaluate Klo, Eal, K2o, and Ea2 using data for moderate and high
temperatures, atmospheric pressure, a particle size of 70 Mm, and a
heating rate of 1000 K/sec, with C (of Deff) obtained in step (1).
(3) Evaluate C (of Deff) at various other ambient pressures, heating
rates, and particle sizes using the chemical kinetics values obtained in
step (2). The idea for this step is to regard the coefficient of Deff as
the parameter capable of accounting for the effect of particle morphology
changes due to various conditions, thus accounting for variations of tar
yield and weight loss. The detailed discussion will be presented later.
As mentioned in the previous section, the composition of raw coal is
categorized into ash, moisture, pre-existing metaplast and unsoftened
coal. Their initial mass fractions are listed in Table VI.l., which are
obtained from Suuberg (1977) and Fong (1986). Fong used the pyridine
extractable of raw coal to represent the pre-existing metaplast.
Values for the other input parameters required for the C model are
listed in Table VI.2. They were kept as constants throughout the
modeling. 4 and Ac are reasonable values determined from the measured
swelling ratios of 63 - 75 and 106 - 125 ym particles and the examination
of SEM photographs in the previous chapter. R2o is estimated from the
values of Rlo, 4, and Ac with an assumption of constant solid density of
coal during the bubble expansion period. This assumption is rational
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Table VI.1. Categorized composition of raw coal
Composition
Ash
Moisture
Pre-existing metaplast
Unsoftened coal
Mass Fraction
0.11
0.02
0.25
0.62
Table VI.2. Constant parameters implemented in the C model
Parameter Value
Rlo (initial particle radius) 35 pm
pp (initial particle density) 1.46 gm/cm3
0 (maximum swelling ratio) 1.30
R2o (initial central bubble radius) 22 pm
Mc (designated metaplast for the beginning of 0.03
bubble expansion, i.e. sealed off of pore mouths)
Ac (critical shell thichness of bubble-rupture) 5.8 pm
K (defined in equation V.49) 45.
A (weight ratio of coke to secondary gases, G2) 1.25
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since at this period the weight loss of coal is experimentally small. Mc,
n, and Ac are a set of parameters which can control the history of the
bubble expansion. Mc is assumed to be 0.03, where the temperature is
approximate one standard deviation below the mean melting temperature. K
is chosen so that the single, central bubble may rupture at around 670-
700 K. Toda (1973a,b) has extensively studied the changes of pore
structure with heat treatment up to 1473 K for a wide range of coal type.
He concluded that the pore volume for softening coals changed rapidly in
the plastic stage and reached a maximum at around 673 K which was
probably due to the appearance and disappearance of bubble structure. In
the present study, the bubble-rupture occurring at around 670 - 700 K
gives better predictions of tar yields at peak temperatures between 700
to 750 K. The experiments show that the bubble rupture occurs in the
relatively early stage of pyrolysis and the major mass faction of coal is
lost after the occurrence of bubble-rupture. Therefore, the bubble
expansion history should have little effect on the prediction of tar
yields. A (weight ratio of coke to secondary gases G2) is a constant
taken from Fong (1986). Fong proposed a reaction scheme, similar to the
one for this model, for the predictions of total volatiles and pyridine
extract of coal char. His calculations gave the value of 1.25.
The molecular weight distribution (M.W.D.) for the decomposition of
raw coal to metaplast appears in Figure VI.A. This distribution is
estimated from the summation of the equally-weighted relative mass
fraction distributions of 1-atm-tar and -metaplast of Pittsburgh seam no.
8 bituminous coal, measured by Oh (1985). Although some investigators
believe that vacuum pyrolysis has least mass transfer resistance, the
0 200 400 600 800 1000 1200 1400
Molecular Weight
Figure VI.1. Molecular weight distribution (solid line) for decomposition
of coal to liquid metaplast, estimated from the summation
of equally-weighted molecular weight distributions of 1 atm
tar (dot line) and 1 atm extract (dash line) obtained from
Oh (1985).
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data from 1 atm pyrolysis are adopted since they are similar to the
vacuum data and handily available. The reason for using the summation is
because more of the lighter fractions for tar and more of the heavier
fractions for metaplast are experimentally observed. This phenomenon is
attributed to mass transfer and is taken into account in the C model.
Thus, simultaneously considering the molecular weight distributions of
tar and metaplast may give a reasonable estimation for the intrinsic
formation of individual metaplast species from the decomposition of coal.
Although it is recognized (Suuberg et al., 1985) that this M.W.D. may
vary at high temperatures, the C model regards the M.W.D. as a fixed
function in any circumstance.
In the C model, the primary gas (Gl) is assumed to be generated from
the decomposition of pre-existing metaplast. Its chemical kinetic is
analogous to those proposed by Unger and Suuberg (1981) and Oh (1985).
They observed that most of H20 and some of CO2 and CO are liberated at
low temperatures. Unger and Suuberg conducted a 2-parameter fitting for
individual inorganic and hydrocarbonic gases, in which the activation
energy for gases formation and the ultimate gases yields (G.) were varied
while the pre-exponential constant of the reaction rate coefficient was
fixed at 1x1013 sec-1 . This is a reasonable value for many organic
decomposition reactions. Oh used a similar approach for the overall
volatiles yield generated at peak temeperatures below 673 K. Oh's
kinetics results are quite close to those of Unger and Suuberg, as can be
seen in Table VI.3.
In this model, the kinetics parameter values for the G1 formation
are also listed in Table VI.3. These results reflect an overall
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Table VI.3. Kinetic parameters for gases (Gl)
Oh (1985)
1x1013 sec-1
26.755 Kcal/mole
0.029
Unger and Suuberg (1981)
1x1013 sec-1
30.0 Kcal/mole
0.004 (CO)
0.002 (CO02)
0.006 (CH4)
0.0025 (C2H4)
0.002 (C2H6)
0.005 (C3H6 + C3Hg)
0.0035 (other hydrocarbon gases)
Hsu (1989)
1x1013 sec- r
29.2 Kcal/mole
0.03
Kgo
Eag
Kgo
Eag
G
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consideration of the results of Unger and Suuberg and Oh and thus allow
the complete formation of GI to be reached at a temperature around 673 K.
VI.1. TEMPERATURE EFFECTS
VI.1.1. RESULTS OF TEMPERATURE EFFECTS IN ATMOSPHERIC PYROLYSIS
Figure VI.2 shows the comparison of experimental and calculated tar
yields for various peak temperatures at 1 atm. The fitted parameters and
the standard error of estimate of tar yield (Etar) are listed as follows:
C (of Deff) - 1.8x10-9 cm2/sec,
i.e. Deff - 1.8x10"9.Tl. 5/(p.MwJ)213 cm2/sec
Klo - 4.0x103 sec-1, Eal - 17.0 Kcal/mole
K2o = 1.45x104 sec-1, Ea2 - 20.0 Kcal/mole
Etar = 2.8 %
where the standard error of estimate of tar yield (Etar) is defined as:
Etar = X(Ymodel - exp.)2  1½
Nd 
- Np
where Ymodel and Yexp. - fitted and experimental tar yields,
respectively; Nd - number of data point; Np - number of parameters.
Figure VI.2 includes two data points obtained with approximately 2
second holding times at the peak temperature. It can be seen that the
model reasonably fits the tar yield data for atmospheric pressure.
Suuberg also measured weight loss along with tar yield. Figure VI.3
shows the comparison of the experimental and calculated weight losses.
Here, the predicted weight losses are calculated rather than fitted from
o6~
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Figure VI.2. Comparison of experimental and calculated tar yields for
pyrolysis of Pittsburgh seam no. 8 bituminous coal at
atmospheric pressure. x : Suuberg's data (1977). o : results
calculated from the C model using parameters listed in
Tables VI.2, VI.3, and the early part of VI.1.1.
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Figure VI.3. Comparison of experimental and calculated weight loss for
pyrolysis of Pittsburgh seam no. 8 bituminous coal at
atmospheric pressure. x : Suuberg's data (1977). o : results
calculated from the C model using parameters listed in
Tables VI.2, VI.3, and the early part of VI.1.1.
11 11 1 11 71 I I I 11 1 1 ( 1 r I I, 11 I 1 1 1 1 m | ( 1 m
0 00
0
QX
e0 x
Holding Time - 2 Sec.
, 0 X
I X
-0
x xx
OO
x
-
® -
252
the C model, by using the time-temperature histories for the predictions
of tar yields. The standard error of estimate of weight loss is 5.0 %,
while the standard error of estimate of both tar yield and weight loss is
3.8 %. Again, the calculated weight losses are quite in agreement with
the experimental data, althought it seems that q is not necessary to be
1.25 at temperatures higher than 1200 K.
In order to illustrate time-resolved product distributions predicted
from the model, Figure VI.4 plots the calculated mass fractions of pre-
existing metaplast, liquid metaplast, tar, coke, primary and secondary
gases (Gl and G2), and unsoftened coal as a function of time. One may
refer to the unsoftened coal as char, since the unsoftened coal could be
chemically and physically different from the raw coal, after experiencing
pyrolysis. Figure VI.5 is a reproduction of Figure VI.4, showing the mass
fractions of liquid metaplast, unsoftened coal, total volatiles, and tar
for scrutiny. In the early stage (low temperature), liquid metaplast is
dominantly generated from the pre-existing metaplast, which creates a
viscous medium for bubble expansion. Once bubble rupture occurs (at
around 700 K), the liquid metaplast may momentarily decrease due to the
rapid escape of metaplast from the particle surface and the bubble
interface, thus resulting in the increase of tar. This phenomenon is
consistent with the experimental observation from Oh (1985), who found
that the pyridine extracts of coal char first decreased at around 673 K
(see Figure V.3). As temperature increases, the metaplast inventory
increases again because of the contribution from chemical decomposition
of unsoftened coal. When temperature is sufficiently high, coke and
secondary gas formation becomes more favorable in competition with tar
2,
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Figure VI.4. Mass fractions of products for atmospheric pyrolysis
Pittsburgh seam no. 8 bituminous coal with a time-
temperature history shown in the right-upper corner,
calculated from the C model using parameters listed in
Tables VI.2, VI.3, and the early part of VI.1.1.
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Figure VI.5. Mass fractions of tar, metaplast, total volatiles, and
unsoftened coal for atmospheric pyrolysis of Pittsburgh seam
no. 8 bituminous coal with a time-temperature history shown
in Figure VI.4, calculated from the C model using parameters
listed in Tables VI.2, VI.3, and the early part of VI.1.1.
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formation. Most liquid metaplast decomposes or repolymerizes into gases
and coke when the pyrolysis passes through 0.9 second at this run.
Eventually, no metaplast remains inside the particle, when the tar yield
and the total volatiles yield show no further increases. It is apparent
that the metaplast is continunusly formed over a broad range of
temperatures to a significant extent up to the early stage of cooling.
Accordingly, the tar yield seems to have little dependence on the peak
temperatures as they are higher than 1200 K, since the reactions have
approached to completion during the early stage of cooling. This result
is confirmed from Figure VI.2 and VI.5.
Figure VI.5 also shows that approximately 70 % of the tar is formed
during the heat-up period and the rest of the tar is formed during
cooling. The proportion of the tar formed in the heat-up decreases as the
peak temperatures decrease. Figure VI.6 is similar to Figure VI.4 for the
peak temperature at 1116 K. In this experiment, a significant extent of
the primary and secondary reactions occurs in the cooling period. The
majority of tar, approximate 80 %, is formed after the heat-up.
Therefore, the effects of temperature are obviously coupled with the
pyrolysis time, which is more pronounced at low peak temperatures. In
other words, pyrolysis having holding time at low peak temperatures may
generate the same amounts of tar yield and weight loss as those having no
holding time at high peak temperatures, as shown in Figures VI.2, VI.3,
and other results (Fong, 1987; Bautista et al., 1986; Gibbins-Matham and
Kandiyoti, 1988). Bautista et al. pyrolyzed Pittsburgh seam no. 9
bituminous coal to peak temperature, followed with liquid-nitrogen
quenching. Their weight-loss results indicate a continuous volatiles
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formation during the heat-up period. The predicted weight loss presented
in Figure VI.6 qualitatively agree with the result of Bautista et al. The
quantitative difference could be a result of the effects of coal type,
particle size, and experiment apparatus.
VI.1.2. MASS TRANSFER AND CHEMICAL KINETICS
As discussd in the literature reviews, there has been a wide
disagreement on the mechanisms of volatiles transport. Chemical kinetics
(Anthony et al., 1975; Kobayashi et al., 1977; Serio et al., 1984; Niksa,
1989), diffusion (Berkowitz, 1060), evapaoration (Suuberg et al., 1979;
Zacharius, 1979; Unger and Suuberg, 1981), and volatiles-filled bubble
escape (Lewellen, 1979; Oh, 1985) were individually considered as the
rate controlling step in softening coal pyrolysis. The C model considers
all these processes. Figure VI.7 and VI.8 plot the rates, computed from
the C model, of coal decomposition (primary reaction), metaplast
decomposition (secondary reaction), and tar evolution (mass transfer) for
pyrolysis at the peak temperatures 1315 and 1016 K, respectively. The
time-temperature history for the 1315 K case is shown in Figure VI.4.
Prior to the discussions, the terms of 'limiting', 'controlling',
and 'dominating' of chemical and physical processes are clarified as
follows
K1  K2
to avoid any confusion. In a consecutive reaction, A -- B -- C, if K1
<< K2, A --- B is called the 'limiting' or 'controlling' step; while in
K1  K2
parallel reactions, A -- B and A -- C, if K1 << K2, A -- C is called
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Figure VI.6 Mass fractions of products for atmospheric pressure
pyrolysis of Pittsburgh seam no. 8 bituminous coal with a
peak temperature of 1116 K, calculated from the C model
using parameters listed in Tables VI.2, VI.3, and the early
part of VI.1.1.
4 A
1
0
C,0
Ul
Vl)
0n
U.U
258
6
')a)rr 1
a2
4Q)
cu
0.0 0.2
Time (sec)
r-
I
Unsoftened Coal MetaplastK
IK
1.0
V)
itt
0.5
00f
Mass Transfer
a Tar
0.5 1.0 1.5 2.0 2.5
0.4
3.0
Time (sec)
Figure VI.7 Comparisons of metaplast formation rate, metaplast
decomposition rate, and mass transfer rate of tar as
calculated from the C model, using parameters listed in
Tables VI.2, VI.3, and the early part of VI.1.1. The
pyrolysis occurs under atmospheric pressure and has the
time-temperature history shown in Figure VI.4. Right-upper
corner: physical melting rate of pre-existing metaplast.
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Figure VI.8. Comparisons of metaplast formation rate, metaplast
decomposition rate, and mass transfer rate of tar for
pyrolysis of Pittsburgh seam no. 8 bituminous coal, as
calculated from the C model, using parameters listed in
Tables VI.2, VI.3, and the early part of VI.1.1. The
pyrolysis occurs under atmospheric pressure and has the
time-temperature shown in the right-upper corner.
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the 'controlling' or 'dominating' step. In the first case, A --# B is the
slowest reaction. In contrast, A ---- C, in the second case is the fastest
reaction. Althought many investigators refer to these two reactions as
the limiting step regardless of which reaction type is occurring, the
ongoing discussion will treat them separately.
Figure VI.7 shows that metaplast formation occurs faster than
metaplast decomposition during the heat-up period. This is attributed
partially to a higher rate constant of metaplast formation than that of
metaplast decomposition (in the temperature range up to 1270 K, when K1 -
K2) and partially to a greater amount of unsoftened coal than decomposing
metaplast. The formation rate is lower than the decomposition rate after
the former reaches its peak, due to both depletion of the unsoftened coal
and a lower rate constant. Both reactions occur in the same temperature
range as suggested from the inspection of the kinetic results whose pre-
exponential coefficients and activation energies are quite close. In
addition, both activation energies of metaplast formation and
decomposition are considered as low values. The results can be
interpreted by an argument proposed by Anthony et al. (1975). Anthony et
al. discussed that a set of overlapping, independent, parallel first-
order reactions can be approximated by a single first-order reaction
which has lower activation energies and pre-exponential constants than
any individual reaction in the set. They took an example demonstrated by
Juntgen and Van Heek (1970) to support their points of view. Thus the low
activation energies mathematically rather than kinetically represent the
outcome of many individual reactions.
The tar evolution rate exhibits two peaks. The first one is due to
261
the quick release of metaplast from the particle surface and the bubble
interface to the surrounding, shortly after the occurrence of bubble-
rupture. The metaplast present at this moment is mainly generated from
the physical melting of pre-existing metaplast, whose rate is shown in
the right-upper corner of Figure VI.7. Obviously, the physical melting
occurs faster but in a much shorter time interval than the primary
reaction. The second peak reflects the coupled effects of temperature and
metaplast formation and decomposition.
Comparison of the tar evolution rate and the chemical reaction rates
shown in Figure VI.7 given the time-temperature history in Figure VI.4
shows that at low temperature (< 850 K) mass transfer is a dominating
step in competition with the metaplast decomposition reaction. The
importance of metaplast decomposition continuously increases with
temperature. In the range of 850 to 950 K, metaplast decomposition become
comparable to the mass transfer, but still less than mass transfer. At
around 950 K, both processes are equally important. The metaplast
decomposition rate reaches its maximum value at the peak temperature,
1315 K, where the rate is three time greater than the mass transfer rate
of tar. The concept of shifting tar escape mechanisms from primary mass
transfer controlled at low temperatures to partially reaction controlled
at high temperatures receives supports from Unger and Suuberg (1984) who
drew the same conclusion based on the examination of molecular weight
distribution of tar. The mass transfer mechanisms in the C model are
quite different from that in the model of Unger and Suuberg (1981).
Detailed discussions of the mass tranfer processes and the molecular
weight distribution are presented later.
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Furthermore, the C model agrees with Berkowitz (1960) and partial
points of view from Anthony et al. (1975). Berkowitz reported that mass
transfer, not chemical kinetics, controls the rate of weight loss of
Alberta subbituminous coal pyrolyzed at 525 to 800 K. Anthony et al.
recognized that tar yield is dependent on the outcome of competition
between mass transfer and secondary reaction. Kobayashi et al. (1977)
proposed a globalchemical kinetics model in which coal decomposition is
controlled by two competing reactions. Their approach seems reasonable
because their results were obtained at very high temperatures between
1000 to 2100 K. It is likely that at such high temperatures mass transfer
effects are negligible as chemical kinetics increases in importance with
temperature.
Further examination of Figure VI.7 and VI.8 suggests that mass
transfer rate of tar during pyrolysis has a similar shape to those of
metaplast formation and decomposition which are expressed as first order,
single step reactions. It is considered that the mass transfer rate may
be expressed as a first order, single step reaction with the form applied
by many investigators to approximate the overall processes of complex
decomposition and transport phenomena occurring uniformly throughout the
particles. The first order, single step model expresses the devolatiliza-
tion rate as
dV/dt - K.(V* - V) (1)
where V --- V* as T --- . K and V* are unknown and usually the focus of
kinetics studies. The essential assumptions for this approach are that
(1) the decomposition reaction is the rate controling step and (2) the
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driving force for tar evolution is the effective volatiles remaining
inside the particle.
In the present study, the first order, single step reaction model
has been applied to obtain best fitted parameters (Ko, Ea, and V*) from
the data of Suuberg. In Figure VI.9, tar yields calculated from the first
order model are computed with the experimental yields, using the
following best fitted parameters.
Ko = 3.26x104 sec-1, Ea - 15.5 Kcal/mole, V* - 0.237
The interesting and encouraging feature is that the devolatilization rate
calculated by the above values (see Figure VI.10) has a quite similar
magnitude and shape as the mass transfer rate of tar presented in Figure
VI.7 and VI.8. Therefore, as is well known, the devolatilization rate
expressed by equation (1) in fact reflects coupled effect of mass
transfer and secondary reactions rather than pure chemical reaction
control. Thus, the good approximation in Figure VI.10 confirms that the
first-order reaction model fitted to the observed tar evolution rates
does not represent a true first-order chemical generation of volatiles
throughout the particle, since the same data are described at least as
well by the C model in which mass transfer is explicitly.
It has been noted (Howard, 1981; Gavalus, 1982) that V* is a
function of final temperature, residence time, and other factors such as
pressure, heating rate, etc. Therefore the discussion in the previous
paragraph does not necessarily mean that the mass transfer rate of tar
described by the C model can be approximated by a first-order, single-
step reaction model regardless of experimental conditions. Neverthless,
1000 1200
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Figure VI.9. Comparison of experimental and fitted tar yields for
pyrolysis of Pittsburgh seam no. 8 bituminous coal at
atmospheric pressure. x : Suuberg's data (1977). a : results
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Comparison of mass transfer rates of tar calculated from
the C model and that calculated from the first-order,
single-step reaction model for pyrolysis of Pittsburgh seam
no. 8 bituminous coal with a time-temperature history shown
in Figure VI.4. The parameter values for the C model are
listed in Tables VI.2, VI.3, and the early part of VI.1.1.
The parameter values for the first-order, single-step
reaction model are best-fitted from the datd shown in
Figure VI.9.
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the first order reaction model can be useful as a pseudo kinetics of mass
transfer of tar. The expression of pseudo kinetics for tar evolution will
be useful in the later discussion of characteristic time of mass
transfer.
In comparisons of the rates of metaplast formation and decomposition
in Figure VI.7 and of their rate constants in the early part of VI.1.1,
it is found that the maximum rate of metaplast formation is attained
prior to the maximum rate of metaplast decomposition, thus resulting in
the maximum tar evolution rate. This situation occurs around the
temperature at which the rate constants of metaplast formation and
decomposition are equal. Therefore, it is considered that a maximum tar
yield may be obtained when pyrolysis occurs with a peak temperature near
this value. Figure VI.11 shows comparisons of five sets of experimental
data taken from Suuberg (1977), Oh (1985), Ko (1988), and Griffin (1989).
Suuberg, Oh, and Griffin used Pittsburgh seam no. 8 bituminous coal,
while Ko used Blue high-volatile and Lower Kittanning bituminous coals.
All the data from these investigators have similar time-temperature
histories to Suuberg's, i.e., heated to peak temperatures at 1000 K/sec,
immediately followed by liatural cooling. In addition, all presented data
are expressed on dry ash free (DAF) basis except those of Suuberg, which
are on as received basis. The dash lines presented in the figure are
indications of continuity of relevant data and are not from any model.
These data exhibit slight decreases of tar yields in very narrow
temperature ranges after their maximum are reached. The tar yields would
be expected to eventually reach asymptotic values if peak temperatures
become high enough. The difference of tar yields amoung Suuberg, Oh, and
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Figure VI.11. Comparison of tar yields obtained by Suuberg (1977),
Oh (1985), Ko (1988), and Griffin (1989). All ·data are
under atmospheric pressure and have similar experimental
conditions, e.g., screen heater reactor, particle size, and
heating rate to Suuberg's.
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Griffins' data may result from (1) using different reactors which can
cause variations of time-temperature history, specially in the cooling
period, due to various intensity of convective flow of ambient gas and
(2) using different coal samples which are taken from different mines,
althought they are all Pittsburgh seam no. 8 bituminous coal.
The C model has been tested as follows for sensititivity to various
kinetic parameters. Figure VI.12 presents three sets of rate constants
which give very close predictions of tar yields. The first set of rate
constants are obtained from the fitting of Suuberg's data. The second and
third sets are arbitrarily chosen. Since Kls and K2s are diverse in a
wide range at low temperatures and still give good predictions, the model
is not sensitive to chemical kinetics at this temperature range. In
contrast, the model is sensitive to chemical kinetics at high
temperature, because of a narrow range of values of K1 and K2. It appears
that the model is not sensitive to chemical kinetics at low temperatures
but quite sensitive at high temperatures, especially at temperature over
1100 K. This result is consistent with the earlier discussion that the
importance of metaplast decomposition increases with temperature.
Suuberg et al. (1977), Zacharias (1979), and Unger and Suuberg
(1981, 1984) have developed models and supported the concept that
evaporation from the particle surface can be employed as a controlling
mechanism for tar escape. Unger and Suubergs' model is based on a
molecular weight distribution determined by tetrahydrofuran. The mean of
the M.W.D. is considerably higher than those measured by Oh (1985; in
Figure VI.1) and Solomon (1987). Oh used pyridine solvent and Solomon
used field ionization mass spectrometry. The evaporation model assumed
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mass transfer resistance exclusively exists outside the particle and no
metaplast concentration gradient exists inside the particle. The
predictions from Unger and Suubergs' model shows strong sensitivities to
the initialized M.W.D. of metaplast. Zacharias' model predicts amounts of
metaplast holdup mass inside the particle during pyrolysis, which are now
known to be lower than is observed experimentally (Fong, 1987).
Unger and Suuberg did an analysis for internal and external mass
transfer resistance, using a liquid-phase diffusivity of 10-5 cm2/sec for
a metaplast of 1200 gm/gmole. They concluded that internal mass transfer
is not a limiting step at atmospheric pressure, but cannot be ignored at
vacuum. Some aspects of their analysis can be questioned. In addition to
applying a relatively high molecular weights of metaplast, the liquid
diffusivity is several orders of magnitude higher than other literatures
values (discussed in the previous chapter). If a reasonable value of
liquid diffusivity were used, predictions from their analysis would be in
conflict with the assumption that tar escapes by evaporation from the
particle surface.
To have a better understanding of mass transfer processes applied in
the C model, the relative resistance of internal (liquid phase) and
external (vapor phase) mass transfer is analyzed. According to equation
(V.33), the flux of metaplast at the particle surface is
Deff,j'PL.(Xm - Xs) DMj,v'PV.(Ys - 0)
Flux = = (2)
SL  R1
where PL, PV = molar density of metaplast in liquid and vapor phase,
respectively;
271
6L - internal boundary layer thickness;
X, Y - molar fractions of metaplast in liquid and vapor phase.
Ys is equilibrated with Xs on the particle surface via Raoult's law,
P*Y, - P *X
,
. Substitution of what for Ys into equation (2) using
Raoult's law gives
PL.Xm
Flux - (3)
6V PL P 6 L
DMj,v PV Deff,j
Therefore the ratio of internal to external mass transfer resistance
(RMT) is seen to be
6L
Deff,j
RMT " (4)
6 V PL P
DMj, 6V PV
The parameter values for the present simple analysis are approximated as:
PL - 1.46 gm/cm3/Mw, PV - P/RT,
R = 82.052 atm.cm 3/mole-K , R1 - 35 pm,
DMj,v - 1.0 cm2/sec, PY from Suuberg's correlation,
Deff,j = 4.4x10l12.T1-5/(Mw)2/3 cm2 /sec (assuming viscosity - 1.5x104
poise).
This expression for Deff,j gives on the order of 10-9 cm2/sec and will be
discussed later. Figure VI.13 plots RMT vs temperature in terms of
internal boundary layer thickness for metaplast of 400 gm/gmole at
pyrolysis of 1 atm.
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Figure VI.13. Relative resistance of internal (liquid phase) and external
(vapor phase) mass transfer at atmospheric pressure as a
function of internal boundary layer thickness for Mw - 400
gm/gmole. See the text for detailed calculation.
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To discern the controlling mass transfer step through Figure VI.13
requires information on the metaplast concentration profile inside the
particle shell, which is shown in Figure VI.14 along with boundary layer
thickness and shell thickness at different times during pyrolysis with
the time-temperature history in Figure VI.4. Clearly, internal mass
transfer is the controlling step in the mass transfer processes except at
low temperatures. Similar conclusions also apply to other molecular
weights of metaplast. In producing Figure VI.13, the vapor pressure of
metaplast was taken from Suuberg's correlation which has the least values
among the correlations available in literatures. Thus applying other
correlations in the calculation would magnify the control of internal
mass transfer.
The above result is quite different from Unger and Suubergs' model.
The difference may be attributed to the implementation here of much
higher molecular weights for metaplast and the lack of accounting for
morphology change in the particle.
Lewellen (1979) and Oh (1985) proposed bubble transport models which
supported the idea that bubbles carrying volatiles out of the particles
are a major mechanism for volatile escape in softening coal. However,
further examination raises some questions against their models. (1) The
initial number of gas-filled bubbles referred to in the model is in the
millions, with a size less than 0.08 Am. This size is contrary to
physical observations from SEM pictures. In addition, calculations show
that such small bubbles unlikely exist inside the particle since the
pressure inside the bubbles is so high (up to 60 atm, if assuming surface
tension of metaplast equals 50 dyne/cm) that either volatiles may
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Figure VI.14. Time-dependent metaplast concentrations (for MW-310
gm/gmole) across the particle shell for pyrolysis of
Pittsburgh seam no. 8 bituminous coal with a time-
temperature history shown in Figure VI.4, calculated from
the C model using parameters listed in Tables VI.2, VI.3,
and the early part of VI.1.1.
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dissolve into coal melt or physical entrainment of volatiles from the
bubbles may occur. Simons (1983) suggests that softening coal may not be
able to structurally support internal pressures greater than 10 atm. (2)
The predicted swelling ratio is three time as high as the experimantal
observation. (3) The driving mechanisms for the bubble escape are not
clear. (4) Calculations show that volatiles mass constituted inside the
bubbles is far less than the observed volatiles yield (Unger and
Suuberg,1981).
Recently, Niksa (1988 and 1989) developed a model for the
devolatilization of high-volatile bituminous coal. The principal features
of his model are the following assumptions: (1) consecutive reactions
similar to the one proposed in the C model, i.e., coal decomposes into
metaplast which further decomposes into gases and simultaneously forms
char, (2) a phase equilibrium between metaplast components and tar vapor
in the porous particle where the internal pressure is assumed to be
equivalent to the ambient pressure, (3) chemical kinetics controlling for
all product evolution rates, and (4) no liquid or vapor-phases mass
transfer resistance in the particle.
Several aspects of his model are questionable. (1) His model does
not and cannot predict sufficiently accurate tar yields at high ambient
pressures and vacuum condition, respectively. (2) The model requires a
molecular weight distribution (100 to 3000 gm/gmole) of metaplast that is
much higher than experimental observations. (3) The vapor pressure of
metaplast, correlated from his model, is quite disparate with other vapor
pressure correlations (see Figure V.7). For example, whereas N-tridecane
(C13H28 ) and N-pentadecylcyclopentane (C20H40 ) have atmospheric vapor
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pressures at 782 and 898 K, Niksa's correlation predicts vapor pressures
of 34 and 39 atm respectively at these temperatures. (4) If Niksa's
correlation were reasonable, the internal mass transfer would in turn
dominate the mass transfer processes. For example, substitution of the
following values:
Mw - 400 gm/gmole, T - 800 °K,
6L - 0.1 to 35 pm, R1 - 35 pm,
DMj,v - 1cm2/sec, DMj,L - 10-7 to 10-9 cm2/se
into equation (4) with the vapor pressure from Niksa's correlation gives
the ratio of internal to external mass transfer resistances of the order
of 103 to 108. In the above calculation, 6L and DMj,l are assumed to be
in wide ranges to avoid any argument. The analysis concluds that internal
mass transfer is the controlling step in mass transfer processes, which
makes the assumptions of (2) and (4) of Niksa's model invalid. In
summary, the concept of phase equilibrium is not appropriate.
VI.1.3. SWELLING RATIO, VISCOSITY, AND VAPOR PRESSURE OF METAPLAST
The particle swelling ratio and the bubble pressure consisting of
the partial pressures of tar, trapped ambient gas, and pyrolysis-
generated gases during pyrolysis are presented in Figure VI.15. The time-
temperature history for Figure VI.15 is shown in Figure VI.4. Since only
metaplast depletion is considered for particle shrinkage, the C model is
not suitable for predicting the shrinkage ratio after the occurrence of
maximum swelling/bubble rupture. Thus Figure VI.15 covers only the
0.20 0.22 0 24 0.26
Time (Second)
Figure VI.15 Internal bubble pressures and corresponding swelling ratio
during pyrolysis of Pittsburgh seam no. 8 bituminous coal,
calculated from the C model using parameters listed in
Tables VI.2, VI.3, and the early part of VI.1.1. The total
bubble pressure consists of the partial pressures of tar
vapor, thermally-generated gases, and trapped ambient gas.
The time-temperature history for this calculation is shown
in Figure VI.4.
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swelling period. The predicted time-resolved swelling ratio for a
particle of 35 pm-initial diameter qualitatively agrees with the results
shown in Figure IV.20 which is for paticles with diameters of 69 - 75 pm.
The bubble pressure starts to increase at the pressure equivalent to the
ambient pressure, when pore mouths on the particle surface are sealed
off. It reaches the maximum of around 2 atm then tails off to 1.3 atm as
the bubble rupture occurs. The major contribution to the bubble pressure
is the primary gas (Gl). Its quantity in the bubble is adjusted by r,
defined in equation (V.49). The partial pressure of Gl reaches its
maximum value when its asymptote of mass is reached (i.e., when G1 - G ),
although this feature is not obvious from the figure, then decreases due
to the increase of bubble volume. The partial pressure of trapped ambient
pressure also decreases due to the increase of bubble volume. The partial
pressure of tar vapor inside the bubble increases not only because it is
a function of temperature but also because tar is in equilibrium with the
metaplast on the bubble interface. As mentioned in the early part of this
chapter, the bubble rupture is assumed to begin at 700 K, bases on the
literature survey mentioned earlier. Increasing or decreasing the partial
pressure of G1 by adjusting . may result in the occurrence of bubble
rupture at temperature higher or lower than 700 K.
Figure VI.16 shows the predicted apparent viscosity of metaplast.
The mimimum is approximately 10-4 poise, corresponding to a maximum
metaplast inventory of 29 %. The predicted viscosity is qualitatively in
accord with those reported by Fong et al. (1986).
The C model uses Suuberg's correlation for the vapor pressure of
metaplast, which is used in calculating external mass transfer and bubble
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Figure VI.16. Viscosity of metaplast for pyrolysis of pittsburgh seam no.
8 bituminous coal with a time-temperature history shown in
Figure VI.4, calculated from the C model using parameters
listed in Tables VI.2, VI.3, and the early part of VI.1.1.
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expansion. His correlation gives the lowest values in comparison with
other available vapor pressure correlations. In practice, it is possible
that the vapor pressure of metaplast is higher than Suuberg's prediction,
but according to the present analysis it is unlikely to be as high as
Maiorella's and Niksa's predictions. Their vapor pressures are used in
the C model. The time for the bubbles to rupture, even without the
assistance of Gl, is far too short.
VI.1.4. EFFECTIVE DIFFUSIVITY
The effective diffusivity is a crucial parameter to the mass
transfer of metaplast in the C model. Its value reflects the coupled
effects of vapor diffusivity of tar in the small bubbles located in the
particle shell and liquid diffusivity of metaplast wherein. Figure VI.17
shows the time-resolved effective diffusivity in terms of molecular
weight of metaplast. The values are of the order of 10-9 cm2/sec.
The coefficient (C) of the effective diffusivity depends on the
critical shell thickness (Ac) at the moment of bubble rupture. Since Ac
applied in the C model is a reasonable value, zhe order of magnitude of
Deffj is also considered to be reasonable. Basically, Deff,j is limited
by the liquid diffusivity of metaplast because this quantity is much
smaller than the vapor diffusivity of tar. More tiny bubbles existing
inside the particle shell may reduce the diffusion length for liquid
diffusion, thus increasing the effective diffusivity. In other words,
Deff,j is a function of particle morphology, and therefore the effects of
particle morphology can be described by the coefficient of Deffj
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Figure VI.17. Molecular-weight-dependent effective diffusivities of
metaplast in the particle shell during pyrolysis of
Pittsburgh seam no. 8 bituminous coal with a time-
temperature history shown in Figure VI.4. The values are
calculated from the C model with parameters listed in
Tables VI.2, VI.3, and the early part of VI.1.1.
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It has been a concern that the correlated effective diffusivity
obtained as described above from the C model and the data of Suuberg may
not be of the right order of magnitude based on the analysis of
characteristic time of mass transfer (Oh, 1985):
d2
tc =
D
where d - diffusion length and D - diffusivity. If d is taken to be the
half thickness of the particle shell (d-Ac/2=3  m) and D is assumed to be
10-9 cm2/sec, the above relation gives tc = 90 seconds. This value is
much higher than the experimentally observed characteristic time
(typically 1 to 3 sec), thus it is argued that the values of Deff,j
should be higher than 10-9 cm2/sec.
Before addressing the above argument, some background to tc will be
helpful. Physically, tc is the time required by species of diffusivity D
to travel a distance, d. Mathematically,
Diffusivity a (Diffusion Velocity).(Diffusion Length) (5)
Assuming a sphere has a radus R and the radial coordinate r is outward
from the center, one can rewrite
(R - r) 2
tc =
D
where tc is a function of r. For the species at the particle center to
travel to the particle surface, the average tc (Bird et al., 1960) is
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(R - r) 2
dV
o D R2
tc (6)
10D
The relation between t c and D can also be derived as follows from
the textbook of Bird et al. (1960). For the concern of demonstration,
assuming a slab having a rectangular coordinate x inward from the slab
surface, the diffusion equation for a species, say A, in the slab and its
boundary conditions are
acA a2CA
It D-8
at ax
2
B.C.s:
CA - CAo
CA - CAl
CA - CAo
The solution to the above equation is
CA - CAo
CA1 - CAo
x
- - erf( )
(4Dt)I
which gives
x/J4Dt = 2.0 when CA - CAo - 0.01.(CAl 
- CAo)
Equation (7) is usually used to define a 'boundary-layer thickness', 6,
i.e., 6 - 4(Dt) , as that distance x for which (CA - CAo) has decreased
to a value 0.01(CAl - CAo). Equation (7) gives
tc - t = x2/16D
(7)
(8)
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The coefficient in relation (8) depends on the geometry of interest. In
the case of thin-shell morphology, tc in approximation (8) may be
applicable, since the thin-shell in the coal particle is formed at a
relatively early stage of pyrolysis and can be locally regarded as a thin
slab. It should be pointed out that in the above derivations no chemical
reactions are involved.
Based on the definition of tc, approximations (6) and (8) suggest
how much time is required for material within the particle to travel to
the particle surface and does not logically decide whether D is in the
right order of magnitude or not, since the internal boundary layer
thickness, x, in approximation (8) is an unknown, which is a function of
time. Therefore, it is considered that arbitrarily using the particle
radius (R) as the diffusion length and determining the right order of
magnitude of the diffusivity by approximation (8) is not appropriate.
Also the chemical reactions involved will affect the diffusion length and
make it a function of time.
Two approaches are proposed here for estimation of the
characteristic time of mass transfer. (1) Apply actual boundary layer
thicknesses (e.g. Figure VI.14) as the diffusion length in similar
derivations of approximations (6) and (8) for tc. The internal boundary
layer has reflected the coupled effects of chemical reactions and mass
diffusion. (2) Compare to the time scale of chemical reactions, since
mass transfer can be approximated by a first-order, single-step reaction
model as previously discussed. As an example to the first approach, the
average internal boundary layer thickness of approximately 1 to 2 Am in
Figure VI.14 gives tc on the order of 1 second from approximation (8),
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which is the same order of magnitude as the experimental time scale.
Figure VI.7 and VI.10 have shown that mass transfer and chemical
reactions have similar time scales. Therefore, the second approach can
also give the same estimation of tc.
VI.1.5. MOLECULAR WEIGHT DISTRIBUTION OF METAPLAST AND TAR
Several researches (Oh, 1985; Suuberg et al., 1985; Unger and
Suuberg, 1983a, b, 1984) have found that the molecular weight
distribution of tar is insensitive to temperature, especially at
temperatures greater than 800 K. Unger and Suuberg reported that 'the
peak in the molecular weight distribution is shifted to higher values at
higher temperatures' but 'the small degree to which they are shifted over
a wide range of temperatures would suggest a very weak temperature
dependence of vapor pressure'. Oh also reported that the number average
molecular weight (Nmw) at 1 atm initially increases, stays about the
same, and then slightly decreases. The number average molecular weight is
defined as
N N
Nmw - I hj / ( X hj/Mwj) (9)j-1 j-1
where N is the number sections of the entire M.W.D.; hj is the average
peak intensity in section j in which the molecular weight is Mwj. The
variation of Nmw in the work of Oh is within 40 gm/gmole. Therefore, it
can be regarded as insensitive to temperature.
Unger and Suuberg concluded that their information of M.W.D.
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supported the concept of evaporation processes of metaplast on the
particle surface. However, the present study may raise some questions
about this point of view. Figure VI.18 shows the predicted M.W.D. of tar
from the C model at the different peak temperatures. Areas under the
curves represent the total tar yield. We can see that temperature has
little effect on the M.W.D. Figure VI.18 demonstrates that the
evaporation mode is not necessarily responsible for the mass transfer
processes, since the C model principally considers the internal (liquid
phase) diffusion as the controlling step for individual metaplast
species.
The above researches also found that Nmw of pyridine extracts
(regarded as metaplast) from 1 atm pyrolyzed coal char increases with
temperature at 673 K, reaches the maximum value at 825 K, and then
decreases at higher temperatures. The difference of minimum and maximum
Nmw is about 100 gm/gmole. The increase of Nmw is mainly attributed to
the yield increases of the M.W. greater than 500 gm/gmole. Two mechanisms
may cause such behavior: (1) light metaplast species diffuse and
evaporate into the surrounding,leaving behind heavy materials (generally
accepted point); (2) light metaplast species repolymerize and crosslink
into high molecular weight metaplast species (Wanzl,1988). These high
M.W. species may be too high to be pyridine extractable, when temperature
is greater then 825 K, leaving behind those metaplast newly formed from
coal and in turn causing the decrease of Nmw of metaplast. The C model
does not consider the second mechanism, therefore it is not surprising
that the predicted M.W.D. of metaplast does not exhibit strong a
temperature dependence and the decrease at high temperature as Oh
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Figure VI.18. Comparison of molecular weight distributions of tar for
pyrolysis of Pittsburgh seam no. '8 bituminous coal at
various peak temperatures and atmospheric pressure,
calculated from the C model using parameters listed in
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observed. Figure VI.19 shows the predicted Nmw of tar and metaplast. Both
indicate slight increases with temperature, which partially agree with
the experimental results. The imperfect agreement of metaplast with the
experimental results does not necessarily represent a significant
drawback of the C model, since the predictions of temperature
insensitivity to the M.W.D. of tar are fairly good.
VI.1.6. MISCELLANEOUS
(1) In the C model, secondary homogeneous cracking or repolymeriza-
tion of tar in the vapor phase (e.g., soot formation) is not considered
because the convective flow of tar vapor leaving the reaction zone is
presumably very fast and a rapid quenching of tar vapor is expected.
Suuberg et al. (1985) used nitric oxide, a well-known free radical
scavenger, as the ambient gas and found no evidence of tar reactions in
the vapor phase.
(2) During pyrolysis, a hardened outer layer on the particle shell
may be formed as observed by many investigators and assembly discussed by
Gray (1988). The C model can mathematically describe such surface
hardness in terms of the behavior of metaplast concentration at the
particle surface (see Figure VI.14). The low metaplast concentration in
the internal boundary layer indicates low fluidity and thus the formation
of a hardened outer layer.
(3) The sensitivity of tar yield to the amount pre-existing
metaplast has been studied. Basically, the predicted tar yield decreases
as the amount of pre-existing metaplast decreases. This is in accord with
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observations of Fong (1987) and Suuberg et al. (1985). They found that
the pre-extracted coal particles give lower tar yields. In addition,
decreasing the amount of pre-existing metaplast may prolong the bubble-
expansion history, thus reduce the temperature range of transient tar
evolution.
VI.2. PRESSURE EFFECTS
It is well known that weight loss decreases with increasing ambient
pressures in softening coal pyrolysis. The weight loss reaches a limiting
value at approximately 10 to 20 atm (Anthony et al., 1975; Niksa et al.,
1982; Bautista et al., 1986). Low pressure, essentially vacuum, results
in higher total volatile yields. The main increase is attributed to tar
yield (Howard, 1981). In this study, the experimental vacuum tar yields
taken from Suuberg (1977) and Caron (1978) are also fitted by the C
model. Figure VI.20 and VI.21 show the comparison of experimental and
predicted tar yields and weight loss from vacuum pyrolysis. The fitted
parameter values and standard errors of estimate are presented in Table
VI.4.
As seen in Figure VI.20 and VI.21, the predictions are generally in
good agreement with the experimental data. The higher standard errors of
estimate are probably due to the scatter of the experimental data. The
physical and chemical parameters obtained at vacuum conditions are the
same as those obtained at atmospheric condition. It is considered that
the greater yields of tar and weight loss under vacuum are mainly due to
the higher temperatures during the longer cooling period (see Figure
VI.22). Consistent with previous discussion, the generation of tar in the
cooling period is magnified under vacuum.
However, the above explanation is only partially suitable for the
time-temperature histories which have a holding time at the peak
temperature. Anthony et al. (1975), Niksa et al. (1982), and Bautista et
al. (1986) have observed that the ultimate weight loss at atmospheric
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Table VI.4. Chemical and physical parameters at different ambient
pressures, obtained by fitting the C model to the data of
Suuberg (1977) and Caron (1979)
Parameter Vacuum 1 atm 69 atm
Temperature of 670 - 700 K 670 - 700 K 670 - 700 K
bubble-rupture
(i*) (190.) (45.) (0.)
Klo (sec-1) 4x103  _ 3  4x103
Eal (Kcal mole) 17. 17.
K2o (sec ) 1.45x104  1.45x10
4  1.45x104
Ea2 (kcal/mole) 20. 20. 20.
C (of Deff) 1.8x10 " 9  1.8x10 " 9  6.5x10"9
(cmL /sec)
R, (cm) # - 60 pm
KUo (sec-1 )  - - 3.4x10
8
Eas (kcal/mole) - - 20.
etar (wt %) 6.0 2.8 0.04
Iw.l. (wt %) 7.3 5.0 6.4
"tar & w.l. (wt %) 6.6 3.8 4.3
* : K is not regarded as a variable in the fitting of tar yield, since
the bubble rupture is fixed at 670 to 700 K.
# : not used.
C : coefficient of Deff.
e : standard error of estimate, subscripts denote the error is estimated
from tar yield (tar), weight loss (w.l.), or both (tar & w.l.),
defined as
I X(Ymodel - Yexp.)2 11/2
Nd -Np
Ymodel, Yexp : fitted and experimental data.
Nd, N : number of data and independent fitted parameters.
R, : defined in Figure I.10.b.
KWo- Kso'Pp'Sp
Subscript • :primary reaction.
Subscript 2 : secondary reaction.
Subscript s : heterogeneous tar cracking/coking reaction.
Fitted parameters are written in italic type.
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Figure VI.20. Comparison of experimental and calculated tar yields for
pyrolysis of Pittsburgh seam no. 8 bituminous coal under
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pressure is lower than that at vacuum. The decrease at high temperatures
is about 5 - 8 %. Here 'ultimate' is referring to a sufficient holding
time at the peak temperature. The reasons for such difference are
attributed to other effects such as induced from agglomeration, discussed
later, which are negligible in the no-holding-time time-temperature
histories.
VI.2.1. HETEROGENEOUS CRACKING AND COKING REACTIONS UNDER HIGH PRESSURES
The C model has also been applied to 69 atm tar yield data, by only
adjusting the coefficient of Deff as the initial strategy. The fitting of
tar yields is very good for the data having peak temperatures up to 1000
K, but fails for those having higher peak temperatures. At a high peak
temperature of say 1200 K, the predicted tar yield is 2.5 times as much
as the experimental result. Therefore, the modification for the effects
of high pressure to the C model is essential.
It is generally accepted that the decrease of weight loss at
elevated pressures is because higher pressure prolongs the residence time
of tar in the coal particle, which favors coke and gas formation
reactions at the expense of tar production. Two points can be
specifically drawn from the above statement: (1) high pressures affect
the tar escape and (2) tar cracking and coking occur inside the particle.
In the previous section, we have understood that the controlling
mass transfer process is internal liquid-phase mass transfer, which is
not affected by pressures. Has the controlling mechanism been shifted to
external (vapor phase) mass transfer by the increased pressure so that
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the above first point is satisfied or is there something else which can
account for the effect of pressure even with internal mass transfer
control? Figure VI.23 shows the relative resistance of internal and
external mass transfer under 69 atm. In comparing with Figure VI.13, the
external mass transfer indeed extends the domination to higher
temperatues, but still is not the factor dominating the entire
temperature range, specially above 700 K. The domination of the internal
mass transfer is more pronounced under 10 - 20 atm in which the weight
loss reaches an asymptotic value and is less affected by further
increases of pressures.
According to Wanzl (1987), it is believed that many small bubbles
(see IV.5a) rather than a single, central bubble are formed at high
pressures. Mackowsky and Wolff (1964) reported that pore diameter and
pore number increase with increased particle size. Since increasing
particle size has an equivalent effect of increasing pressure (Anthony et
al., 1975), their findings also imply the pictures of many small bubbles
under high pressures. This kind of morphology is referred as 'lacy' type
structure by some researches (Lightman and Street, 1968; Street et al.,
1969). Therefore, it is considered in the present study that the porous
structure of coal physically prevents tar vapor inside the particles from
quickly escaping thereby extends its residence time for further secondary
reactions, even though the liquid-phase diffusion may still dominate the
mass transfer processes at high temperatures. In addition, mesopores and
macropores (> 1 Am) are considered to be the predominant locations for
tar vapor destruction reactions and transport as suggested by Gavalas and
Wilks (1980), Simons and Finson (1979), and Bliek et al. (1985). Their
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results indicate that micropores are either inaccessable or significantly
skirted in macroscopic transport of volatiles. The effects of the
micropore appearance and interconnectivity on metaplast transport are
reflected in the effective diffusivity in the modified C model.
Tar cracking and/or coking can be divided into homogeneous and
heterogeneous reactions. The former one has been extensively studied by
Serio et al. (1984, 1987). They studied the kinetics of vapor-phase
secondary reactions of newly formed coal pyrolysis tars at temperatures
and residence times of 773 - 1173 K and 0.6 - 3.9 s and concluded that
tar conversion was significant at high temperatures with light gases as
the major products. Their studies suggest that homogeneous reactions of
tar vapor are unlikely responsible for the decrease of weight loss at
high pressures. Hence, only the heterogeneous tar cracking/coking
reactions are considered in the modified C model; namely, tar decomposes
and repolymerizes into gases and coke on the pore surface when the tar
percolates through the porous particle. This type of reaction has been
widely reported (Anthony et al., 1975; Suuberg, 1977; Habermehl et al.,
1981; Suzuki. 1984; Kaiser et al., 1985; Khan and Jenkins, 1986; Tyler
and Edwards, 1987; Cypres, 1988; Xu and Tomita, 1987 and 1989). Griffiths
and Mainhoud (1967) reported that activated carbon is an effective
catalyst for the tar destruction reactions, thus coal char itself may
serve as a destruction catalyst. Experimentally, the coke yield increases
with increased pressures and temperatures. The destruction of tar also
increases the yields of methane and hydrocarbon gases.
The heterogeneous tar cracking/coking reaction is presumably
described as a first-order reaction. The stoichiometric coefficient (ep)
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of coke to gases is assumed to be a functions of temperature. This
assumption is reasonable, since the reaction in fact represents many
individual cracking and repolymerization reactions which occur in
different temperature ranges. The detailed mathematical modeling was
presented in the section of IV.5.
The comparisons of the experimental and predicted tar yield and
weight loss are shown in Figures VI.24 and VI.25. The predicted tar
yields are in good accord with the experimental results, in spite of the
fact that one point at 1360 K is off the prediction. The stoichiometric
constants (p) for each experimental run are listed in Appendix B.
Comparison of the predicted tar yields from the modified and the
unmodified C models shows that the heterogeneous tar desctructing
reactions become significant at temperatures greater than 1000 K. In
other words, pyrolysis is not affected by the increased pressures at low
temperatures.
A sensitivity analysis of the relation between R, and Kwo was
conducted. It appears that both parameters are mutually dependent.
Therefore, the value of R, in Table VI.4 is arbitrarily chosen, thus
allowing Kwo to be responsible for the fitting.
As seen in Table VI.4, the coefficient of Deff fitted at 69 atm is
greater than that at low pressures. This result indicates that at the
higher pressures the evolution rate of tar from the liquid metaplast is
globally (not locally) greater. Here, the "globally' is referred to the
entire pore and bubble interfaces and the evolution rate of tar from the
liquid metaplast does not mean the evolution rate of collected tar. This
is because the average length scale for intra-metaplast transport (Figure
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V.5.a) is reduced from that at lower pressures (Figure V.5.b) and the
pore surface area for volatile escape is increased due to the formation
of a large amount of small bubbles caused by the high pressure. The local
evolution rate of tar at high pressures is not considered to be greater
than that at low pressures, since the external mass transfer resistance
is greater at high pressures. The higher global evolution rate of tar
from the liquid metaplast is more obvious at temperatures below 1000 K in
Suuberg's 69 atm data, when a large fraction of coal has not pyrolyzed
and secondary reactions (both liquid and vapor phases) are not severe.
The tar yields in this temperaure range are not affected by the ambient
pressure, although the pyrolysis time under 69 atm is twice shorter than
that under atmospheric pressure. This observation suggests that the tar
evolution rate is twice as high under 69 atm. This result also receives
supports from Niksa et al. (1982). They measured time-resolved weight
loss from pyrolysis of softening coal heated at 103 K/s to 1023 K and at
various pressures up to 34.5 atm. Their results show that the weight loss
at 3.45 MP is twice as high as that at vacuum during the early stage of
pyrolysis, i.e. higher devolatilization rate. Furthermore, the higher
volatile evolution corresponding to the more porous particle is also
observed by Hamilton (1980).
Figure VI.26 shows the rates of metaplast formation, metaplast
decomposition, tar vapor cracking and coking, and evolution of collected
tar. The early peak of tar evolution is again an indication of quick
release of metaplast at the moment of bubble rupture and does not
contribute a significant fraction to the total tar yield. This result
disagrees with some investigators (e.g. Niksa, 1987), who study time-
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resolved weight loss and ultimate weight loss and claim that the
devolatilization rate is independent of pressures. At 69 atm, the
heterogeneous tar destruction reaction is significantly increased at
temperatures greater than 1000 K. It appears that the tar cracking/coking
reaction in the vapor phase is about twice as slow as that in the liquid
phase. Both vapor and liquid phase reactions occur in the same
temperature range, since their activation energies are identical. By
comparing Figure VI.26 and VI.7, the above discussion of a higher
evolution raye of tar from the liquid metaplast at a higher pressure is
clear, particularly at temperatures below 1000 K. The comparison also
shows the evolution rate of tar from the liquid metaplast at 69 atm is
severely reduced when the temperature is elevated to over 1000 K, thus
the evolution rate of collected tar is much lower. The reduction the the
tar evolution rate is primarily due to the heterogeneous tar
cracking/coking reaction.
The above discussions lead to the conclusion that the high ambient
presssure affects the particle morphology which in turn affects the
global rate of evolution and prolongs the residence time of tar vapor
inside the particle. The longer residence time favors heterogeneous tar
cracking/coking reactions at the expense of tar production. High ambient
pressure does not enhance mataplast decomposition in the liquid phase.
VI.2.2 PLASTISITY, SWELLING, AND AGGLOMERATION
Many studies (Loison et al., 1963; Kaido and toda, 1979; Habermehl
et al., 1981; Lancet and Sim, 1981; Culross et al., 1984) have reported
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that plasticity of coal increases (or apparent viscosity of coal melt
decreases) with increased pressures. The cause is believed to be that the
high pressures slow down the escape of volatiles from the coal particle
due to the increase of boiling temperature of metaplast. With a rapid
heating to a sufficient high temperature, more liquid metaplast is
generated and retained in the particle by the pressure effect, thus
resulting in lower viscosity.
However, according to the previous discussion that the global
devolatilization rate increases at high pressure due to the increase of
surface area of small bubble interface, the above explanation may not
valid after many small bubbles have been formed in the particle.
Therefore, it is alternatively suggested that the decreased viscosity may
also be enhanced by bubble-formation-induced thinner and morbalized walls
between bubbles, i.e., due to a structural factor rather than a higher
boiling temperature at higher pressures.
Particle swelling is a physical phenomenon which is strongly tied to
the plasticity of coal melt and is a reflection of the balance of forces
of internal bubble pressure against ambient pressure and surface tension.
A higher internal bubble pressure can cause a larger extent of swelling.
The swelling has been observed to pass through a maximum as the ambient
pressures increase (Khan and Jenkins, 1984 and 1986). At low pressure,
essentially vacuum, the higher diffusivity reduces the residence time of
volatiles and the bubble pressure, thus in turn reducing swelling. With
the increase in pressure, more volatiles are constrained inside the
bubble, causing the bubble pressure and hence the swelling increase.
However, further increase of the pressure may increase the plasticity of
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the coal melt which in turn causes the increase of bubble frequency and
the decrease of bubble size (i.e., a transition from the single, central
bubble mode at low pressure to the multi-bubble mode at high pressure).
The smaller bubbles require a higher internal bubble pressure i.e. a
higher volatiles mass for the bubble expansion and the particle swelling
due to a higher surface tension force (c surface tension/bubble radius).
Further, at elevated pressures, the bubbles require a larger amount of
volatiles to compensate for the decreses of the partial pressures of
trapped ambient gas (Pt.a.g.) and devolatilization gases (Pg) due to the
increase of bubble volume. For example, at 1 atm, Pt.a.g. decreases from
0.5 to 0.1 atm (see Figure VI.15). The difference of 0.4 atm
(corresponding to 80 % pressure drop) is easily supplied by the
volatiles. However, such difference can be magnified by the high ambient
fressure. At 69 atm, Pt.a.g. may decrease, say from 20 atm to 4 atm (also
corresponding to 80 % pressure drop). Obviously, the difference of 16 atm
requires more volatiles for compensation. Since the intrinsic generation
of volatiles is independent of the ambient pressure, the particle
swelling decreases at the high ambient pressure.
The constraint of more volatiles at elevated ambient pressure is
evidenced in the C model from the variation of x. As seen in Table VI.4,
K decreases with the increased pressures. According to the definition in
equation V.49, a smaller value of x gives a lower escape rate of gases to
the bubble. For 69 atm, c is assumed to be very small, essentially zero;
i.e., most devolatilization gases are trapped inside the bubble during
the bubble expansion period. This value gives a predicted maximum
swelling ratio of 1.23 from the C model, when the bubble-rupture occurs
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at around 670 to 700 K with the time-temperature history shown in Figure
VI.22. In this cae, the maximum swelling ratio of 1.23 is smaller than
those under vacuum and 1 atm. The large decrease of Pt.a .g.due to the
increase of bubble volume is responsible for smaller extent of swelling.
Neverthless, because no experimental data for the actual particle
swelling behavior of Pittsburgh seam no. 8 bituminous coal at 69 atm are
available, the C model currently neglects the effects of pressure on the
maximum swelling. The effects of the pressure-dependent swelling on the
predictions of volatiles are described by the coefficient of Deff, which
is a function of shell thickness and p3rticle morphology. In order to do
so, an artificial restriction is imposed on the modified (high-pressure)
C model to ensure that the maximum swelling occurs at arround 670 to 700
K as it does at vacuum and 1 atm. The restriction assumes Pt.a.g. remains
at a constant level (- 23 atm) and the swelling is mainly contributed by
devolatilization gases and tar vapor. Such restriction should not affect
the predictions of tar yield and weight loss, since the swelling period
is expected to be short compared to the entire pyrolysis.
Agglomeration of softening coal can occur during pyrolysis. Its
kinetics and mechanisms are discussed elsewhere (Klose and Lant, 1985;
Slaghuis and Ferreira, 1987). Nadziakiewicz (1958) observed particle
agglomeration at atmospheric pressure but not at vacuum. The
agglomeration is promoted at elevated pressure. Niksa et al. (1982) also
observed similar results: no particle agglomeration under vacuum but
under 0.19 Mpa above 1073 K. Bautista et al. (1986), Gibbins-Matham and
Kandiyoti (1988), and the members of our research group also had similar
observations.
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The increase of particle volume by agglomeration may have an effect
equivalent to that of pressure (Anthony et al., 1975); namely, more
bubbles are formed both within the particles and in the region defined by
the connected particles. As discussed before, such porous structure
provides a good medium for heterogeneous tar cracking/coking reactions.
This picture raises the question as to whether the agglomeration-induced
effect might be the reason for the decrease of ultimate weight loss at
atmospheric pressures comparing to that at vacuum (Anthony et al., 1975;
Niksa et al., 1982; Bautista et al., 1986). To address this question the
C model is applied to the vacuum case, while the modified C model is
applied to the atmospheric pressure case with a time-temperature history
of sufficient holding time to complete the devolatilization at the peak
temperature, 1273 K. The parameter values are the same as before (Table
VI.2) except Kwo, which accounts for the surface areas of pore and bubble
interfaces and is left as a fitted parameter in this try. As the result,
the decrease of weight loss at 1 atm can be predicted with a value of Kwo
which is large enough to imply that the particle agglomeration and the
heterogeneous tar cracking/coking reactions are important. However, based
on the good predictions in Figure VI.20 and VI.21, the agglomeration-
induced effects appear to be negligible in the pyrolysis having a similar
time-temperature history to Suuberg's data, since the temperature
decreases rapidly after the peak tempearture is passed.
VI.2.3. MOLECULAR WEIGHT DISTRIBUTION OF TAR
Tar generated at atmospheric pressure reportedly has a narrower
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molecular weight distribution in which the peak shifts to a lower
molecular weight, compared to the tar obtained under vacuum (Unger and
Suuberg, 1983, 1984; Oh, 1989). Oh observed the number average molecular
weight of tar from Pittsburgh seam no. 8 bituminous coal pyrolyzed under
vacuum is about 50 gm/gmole greater than under atmospheric pressure. The
higher molecular weight under vacuum can be attributed to physical
entrainment (Unger and Suuberg, 1983, 1984).
In the C model, the predicted number average molecular weight of tar
under vacuum and atmopheric pressure are approximately the same, but the
value slightly decreases under 69 atm (see Appendix B). The insensitivity
of molecular weight to pressure is expected since physical entrainment is
not considered in the C model.
VI.3. HEATING RATE EFFECT
Several researchers (Gibbins-Matham and Kandiyoti, 1988; Freihalt
and Seery, 1983; Niksa et al., 1984; Griffin, 1989) have experimentally
studied the effects of heating rate ranging from 1 to 104 K/sec. Their
results suggest that the asymptotic total volatiles and tar yields can be
reached at around 10 to 100 K/sec, i.e., the ultimate volatiles yields
vary significantly with increasing heating rate at low heating rates. The
results are consistent with the picture reviewed by Howard (1981). In
addition, Niksa et al. (1982, 1984) observed an increase of volatile
yields when heating rate was increased from 102 to 104 K/sec under vacuum
condition, but not under atmospheric pressure.
Hamilton (1981) and Gray (1988) have observed significant variations
of particle morphology and plastic behavior in softening coal pyrolysis
with changes in heating rate and suggested that these phenomena are
probably associated with the general trend of volatiles evolution
discussed above. Geneally, the plasticity and the swelling are enhanced
by increased heating rates (Loison et al., 1963; Hebermehl et al., 1981;
Culrose et al., 1984; Bliek et al., 1985; Lowenthal et al., 1986; Khan
and Jenkins, 1984 and 1986), but the magnitude of the enhancement becomes
less significant as the heating rate is continuously increased.
Eventually, a limit to the effect of heating rate can be reached, as
observed in volatiles evolution. Zygourakis (1988) reported that at the
low heating rate the particle exhibits a few scattered large bubbles with
thick walls and several smaller bubbles. The cause is probably the slower
volatile evolution rate which allows volatiles to escape into the
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surroundings and to form larger bubbles. As the heating rate is
increased, the occurrence of reactions can be shifted to a higher
temperatures, resulting in a more rapid and violent evolution of
volatiles, which in turn leads to extensive bubble and pore formation and
to a higher porosity. Similar morphology changes are also observed by
Hamilton (1981) and Griffin (1989). Based on their results, the schematic
cross-sections of particle reflecting the effect of heating rate are
presented in Figure VI.27.
In the C model, the particle morphology change is considered to be
responsible for the effect of heating rate and is described by the
coefficient of Deff. To have a better understanding of the above picture,
the heating rates of 102, 103, 5x10 3 K/sec under 1 atm were applied in
the C model. The time temperature histories were assumed to pass through
a linear heating period and then stay at the peak temperature of 1100 K
for sufficient time for completion of devolatilization. The coefficient
of Deff was the only parameter adjusted to ensure that tar yields are
independent of heating rates, in accordance with the experimental results
for this heating rate range. As seen in Table VI.5, when the heating rate
increases, the coefficient of Deff (and hence also Deff) increases, i.e.,
the diffusion length for liquid metaplast decreases, which is a result of
the formation of more bubbles and pores. The results are consistent with
the previous discussion.
Figure VI.28 shows the predicted evolution rates of tar at various
heating rates. The rates actually exhibit two peaks similar to those in
Figure VI.7, the first peak, which is due to the quick release of
metaplast at the moment of bubble rupture, is neglected. As the heating
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Table VI.5. Parameters at various heating rates
Heating Rate
(K/sec)
Coefficient of
Deff (cm2/sec)
Weight Loss
(wt %)
Tar Yield
(wt %)
8.0xl10 10 *
1.8x10-9
1.9x10 9 *
57.0
57.0
57.0
26.9
26.9
26.9
* : This value gives the same results of weight loss and tar
yield as those obtained at 103 K/sec.
# : This value is taken from the result fitted to Suuberg's 1 atm
data (1977) (see Table 1.4).
n0nn
0.0 20 40 60 8.0 10.0
Time (sec)
Figure VI.28. Comparison of mass transfer rates of tar at atmospheric
pressure and various heating rates. The parameters for the
calculations are listed in Tables VI.2, VI.3, and VI.5.
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rate increases the maximum evolution rate of tar is shifted to higher
temperatures (specially marked between 102 and 103 K/sec) and its
magnitude is increased. The effect of increasing heating rate becomes
less significant and likely reaches a limit, since the small bubble
formation is constrained in a finite particle volume. No heterogeneous
tar cracking/coking reactions are considered in the figure.
In the previous discussion, the porous structure is also observed at
high ambient pressures. Here, it is believed that the effects of heating
rate can be obscured by the elevation of ambient pressures. This point is
well supported by the experimental results from Niksa et al. (1982 and
1984) and Gibbins-Matham and Kandiyoti (1988). Niksa et al. observed an
increase of weight loss with the increased heating rate under vacuum. The
increase is significant between 102 and 103 K/sec, but negligible between
103 and 104 K/sec. Similarly, Gibbins-Matham and Kandiyoti reported as
much as 10 % greater total volatiles at 103 K/sec than 1 K/sec. The
results can be explained by the variations of particle morphology. At
vacuum, higher heating rates are more effective in increasing bubble
inventories, because of the initially lower bubble concentration formed
at reduced pressures. Thus at vacuum, higher heating rates reduce the
average liquid-phase diffusion length, thereby causing a higher evolution
rate and a higher weight loss. However, the formation of bubbles may
again reach a limit at very high heating rate, as in the case with weight
loss. As a summary, Figure VI.29 shows schematically how different
combinations of ambient pressure and heating rate affect particle
morphology.
The C model does not predict the dependence of heating rate on the
High Heating Rate
High Ambient Pressure
Low Heating Rate
High Ambient Pressure
High Heating Rate
Low Ambient Pressure
Low Heating Rate
Low Ambient Pressure
Figure VI.29. Cross-sections of particle morphology changes at various
heating rates and ambient pressures for pyrolysis of
softening coal.
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melting temperature of coal, since the physical melting of the pre-
existing metaplast does not vary with heating rate (Fong et al 1986a).
However, the fast heating rate does reduce the duration of plasticity and
promote the onset of resolidification to a higher temperature as shown in
Figures VI.30 and VI.31, respectively. The results are in accord with the
experimental observations of Fong et al. (1986b).
VI.4. PARTICLE SIZE EFFECT
A general observation of the effect of particle size is that weight
loss and tar yield decrease with increased particle size (Howard, 1981),
althrough insensitivity to the size ranging from 81 to 127 um is reported
(Bautista et al., 1986). The causes for this result are believed to be
greater resistance of volatile escape and enhancement of secondary
reactions within the larger particles. A more detailed picture of these
causes can be described in terms of the variation of particle morphology.
Mackowski and Wolff (1964) observed increases of pore diameter and pore
number with the increased particle size. A similar result is obtained by
Zygourakis (1988). In addition, larger particles are more likely
agglomerated together, which helps the development of intraparticle and
interparticle bubbles and pores. The more porous structure can prolong
the residence time of volatiles and further increase the opportunity for
secondary reactions, thus leading to the decrease of weight loss. The
particle size effect on the particle morphology and in turn on the weight
loss is more pronounced under vacuum (Niksa et al, 1982), since
agglomeration does not likely occur (Bautista et al, 1986). The above
2.0 4.0 6.0 8.0
Time (sec)
Figure VI.30. Comparison of plastic periods at atmospheric pressure and
various heating rates. The final temperature is 1100 K. The
parameters for the calculations are listed in Tables VI.2,
VI.3, and VI.5.
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Figure VI.31. Comparison of temperature-dependent apparent viscosities
at atmospheric pressure and various heating rates. The
parameters for the calculations are listed in Tables VI.2,
VI.3, and VI.5.
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discussion suggests an effect of particle size equivalent to the effect
of pressure (Anthony et al., 1975), which complicates the pictures
presented in Figure VI.29.
Because of the dependence of the particle morphology on the
particle size, the variation of Deff referred in the C model is expected.
No attempt was made to predict weight loss and tar yield in terms of the
particle size due to the above reason in addition to the uncertainty of
qualitative swelling ratio.
Regarding the mass transfer processes, the early calculation of
metaplast concentration in the particle (Figure VI.14) shows the maximum
internal boundary layer thickness in around 2 pm and suggests that the
internal mass transfer can not be neglected in any particle larger than
this size. This point is also suggested by Miara and Essenhigh (1987).
CHAPTER VII. CONCLUSIONS AND RECOMMENDATIONS
VII.1. CONCLUSIONS
The major conclusions from this experimental work are as follows:
(1) Significant morphology changes occur during rapid pyrolysis of
Pittsburgh seam no. 8 bituminous coal under atmospheric pressure. At the
heat-up stage of pyrolysis, bubbles can be initiated from fissures which
may be due either to initially existent pores or to thermal expansion of
the coal. Further pyrolysis causes the formation of balloon-like
cenosphere in which one (or a few) large, central bubble(s) is surrounded
by many small bubbles.
(2) Maximum swelling occurs at a relatively early stage of
pyrolysis. At the time of maximum swelling, cenosphere, thin shell, and
blow holes are well developed. Typical average shell thicknesses are in
the range of 4 to 8 pm.
(3) A major fraction of coal is volatilized after the occurrence of
maximum swelling because volatiles can escape through the particle
surface and the bubble interface.
(4) At the final stage of pyrolysis, large blow holes, small shell
fragments, and surface contraction are observed.
(5) During pyrolysis, the particle volume increases dramatically.
The small particles have a small swelling ratio. Large, centarl bubbles
seam more likely to exist in the smaller particles.
(6) Generally, the particle and solid densities of coal decrease and
the porosity, surface area, and pore volume significantly increase during
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pyrolysis.
(7) A substantial fraction of the total pore volume resides in pores
between 22 and 68 jim. The total pore volume increases significantly,
specially after the occurrence of the maximum swelling.
Based on the successes of the C model, several specific conclusions
are drawn and summarized as follows.
(1) A successful model capable of predicting tar yield and weight
loss over a wide range of conditions while accounting for particle
morpgology changes is developed.
(2) Pre-existing metaplast plays an important role in creating a
viscous medium for bubble expansion. The bubble expansion is primary due
to the devolatilization gases generated at low temperature (< 673 K).
(3) Bubbles serving as transport carriers for volatiles escape is
not a major mechanism for volatiles generation. The bubbles can form
cenosphere and thin shell and ruputure the particle shell, thus allowing
volatiles to escape through the particle surface and the bubble
interface. Large, central bubbles are responsible for the particle
swelling. Tar generated in the period of particle swelling does not
contribute a great amount to the total tar yield.
(4) The assumption of rapid physical melting occurring over short
temperature intervals early in pyrolysis is supported. The metaplast
formation occurs faster than metaplast decomposition during the heat-up
period.
(5) The tar evolution rate exhibits two peaks. The first one occurs
at low temperatures and is due to quick release of metaplast from the
particle surface and the bubble interface when bubble ruptures occur. The
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second one reflects the coupled effect of temperature and formation and
decomposition of metaplast.
(6) At low temperature (< 850 K) intraparticle mass transfer of
metaplast is a dominating rate process in competition with the metaplast
decomposition reactions. The important of metaplast decomposition
continuously increases with temperature. In the range of 850 to 950 K,
the metaplast decomposition becomes camparable to the mass transfer, but
still less than mass transfer. At around 950 K, both processes are
equally important. Further increasing temperature can shift the tar
escape mechanisms from primarily intraparticle mass transfer controlled
at low temperature to partially reaction contolled at high temperature.
Internal (liquid metaplast phase) mass transfer is the controlling step
in the mass transfer processes except at low temperature.
(7) The devolatilization rate reflecting coupled mass transfer and
chemical reactions can be expressed by a first-order, single step
reaction model. The first order, single step reaction model does not
represent a true first-order chemical generation of volatiles throughout
the particle.
(8) The maximum rate of metaplast formation is attained prior to the
maximum rate of metaplast decomposition, thus resulting in a maximum tar
evolution rate. A maximum tar yield may be obtained when pyrolysis occurs
with a peak temperature near the temperature at which the tar evolution
rate is maximal.
(9) The molecular weight distribution of tar insensitive to
tempearture under atmospheric pressure is predicted.
(10) Application of the C model requires several physical
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properties: melt viscosity and vapor pressure and effective diffusivity
of metaplast. Amoung these, the melt viscosity and the vapor pressure of
metaplast are important in calculating the swelling ratio. A correlation
of melt viscosity obtained from Fong (1986) can well describe the
plasticity of coal and the correlation of Suuberg's (1981) is more
suitable to predict the vapore pressure of metaplast. The effective
diffusivity is a crucial parameter to the modeling and is modeled as is
proportional to a function of temperature and molecular weight and
viscosity of metaplast by a coefficient. This coefficient is dependent on
experimental conditions including ambient pressure, heating rate, and
particle size. The effective diffusivity of metaplast is on the order of
10-9 cm2/sec.
(11) Under high ambient pressure, external mass transfer
(evaporation on the particle surface) extends the domination to higher
temperatures, but still is not the factor dominating the entire
temperature range in competition with the internal mas transfer,
especially above 700 K.
(12) Many small bubbles rather than one (or a few) central bubble(s)
formed inside the particle physically prevent tar vapor inside the
particle from quickly escaping thereby extend the residence time of tar
for further heterogeneous tar cracking/coking reactions. These reactions
occurring at the expense of tar production is responsible for the
decrease of tar yield at higher ambient pressures. The reaction rate of
heterogeneous tar cracking/coking reactions is slower than that of
metaplast decomposition in the coal melt, which is independent of ambient
pressure.
325
(13) At low temperature (<1000 K), the evolution rate of tar is
higher under higher ambient pressures due to (a) the decrease of
diffusion length for liquid metaplast species, (b) the increase of pore
surface for volatiles escape, and (c) the less significance of secondary
reactions (both in the liquid-metaplast phase and the tar-vapor phase).
(14) Heterogeneous tar cracking/coking reactions become more
significant when the ambient pressure and temperature are incresed.
(15) Greater tar yield and weight loss are observed under vacuum
than under higher pressures. In a pyrolysis in which coal is heated up to
a peak temperature, then immediately followed with nature cooling, this
result is mainly due to the higher temperature during the longer cooling
period at vacuum. However, in a pyrolysis having a sufficient time at the
peak temperature to complete reactions, this result is believed because
of particle agglomeration which has an effect equivalent to that of
pressure, i.e. more bubbles are formed both in the intrapartile and the
interparticle, which provide a good media for heterogeneous tar cracking/
coking reactions.
(16) An explanation is proposed for particle swelling which is
observed to pass through a maximum as the ambient pressure increases.
(17) The particle morphology changes may be responsible for the
effects of heating rate and particle size on tar yields. These changes
may also account for the variation of effective diffusivity of metaplast
in the C model.
(18) As the heating rate increases the maximum evolution rate of tar
is shifted to higher temperature and its magnitude is increased. The
effect of increasing heating rate becomes less significant and likely
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reaches a limit.
(19) The fast heating rate reduces the duration of plasticity and
promote the onset of resolidification to a higher temperature.
VII.2. RECOMMENDATIONS
Future researches related to this study is recommended as follows:
(1) More experiments of the effects of ambient pressures, heating
rate, particle size, and different coal on particle morphology including
swelling, particle and solid density, porosity, surface area, changes of
micro- and macro-pore structure, and bubble rupture.
(2) More experiments of the effects of temperature, ambient
pressure, and morphology changes on heterogeneous tar cracking/coking
reactions, including the relations between coke and gases generated from
these reactions.
(3) More experimental and theoretical studies of chemical kinetics
of individual gases product, specially in relating to the effect of
particle morphology. These studies can allow one to extend the C model to
the predictions of individual gases yield under various conditions.
(4) More studies on the molecular weight distribution of metaplast
in the intrinsic reactions of coal to liquid metaplast, including its
dependence on temperature and pressure.
(5) More studies of chemical reactions amoung metaplast species. It
is not clear yet about (a) secondary decomposition of large metaplast
species (high M.W.) into smaller ones (low M.W.) and (b) repolymerization
of metaplast species into larger metaplast which further crosslinks into
coke.
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(6) More studies of the relation between the M.W.D. of tar and
liquid metaplast and pyrolysis conditions. These detailed information in
addition to those from (4) and (5) may improve the prediction of M.W.D.
of tar and metaplast from the C model.
(7) More studies of the effects of pre-existing metaplast on the
formation of chemical-reaction-induced metaplast from differnt coal. This
information will be useful in further modification of the C model to be
suitable for pyrolysis modeling of subbituminous and hard coals.
(8) More studies of the effect of pressure, heating rate, and
particle size on plasticity of different softening coal. In addition to
the information of pre-existing metaplast, these results allow one to
apply the C model to different softening coal.
(9) More studies of particle agglomeration occurring in a screen
heater reactor. Particle agglomeration can obscure the effects of
temperature, pressure, heating rate and particle size on chemical
kinetics involved in coal pyrolysis. Thus, understanding particle
agglomeration, both mechanisms and kinetics, will be useful.
(10) Extension of the C model to those situations in which particle
agglomeration occurs.
(11) Simplification of the C model for the concerns of predicting
tar yeild and weight loss. This can be done by neglecting particle
swelling and changing the geometry from a sphere to a thin slab.
(12) Extension of the C model to the large particle in which
temperature gradient is not negligible.
(13) Extension of the C model to entrained flow systems and
combustion environments.
NOTATIONS
C - coefficient of effective diffusivity of metaplast, Deff, cm2/sec
C, - overall molar concentration of gases, mole/cm 3
Ac - critical shell thickness at the moment of bubble rupture, cm
Deff j - effective diffusivity of individual metaplast species, cm2/se
DMj,l - liquid diffusivity of metaplast, cm2/sec
DMj,v - vapor diffusivity of metaplast (or tar), cm2/sec
E - mass fraction of coke generated from metaplas
Eal - activation energy of primary reaction, Kcal/mole
Ea2 - activation energy of secondary reaction, Kcal/mole
Eas - activation energy of heterogeneous tar cracking/coking reaction,
Kcal/mole
f(Mw) - constant molecular weight (Mw) distribution function for
metaplast species generated from primary reactions of coal,
shown in Figure I.11
fa - mass fractions of moisture and ash
G - mass fraction of total devolatilization gases
G1 - mass fraction of primary gases, generated from pre-existing
metaplast
Gl - mass fraction of ultimate yield of primary gases
G2 - mass fraction of gases, generated from secondary reaction of
metaplast
K1 - rate constant of primary reaction, 1/sec
Klo - pre-exponential constant of primary reaction, 1/sec
K2 - rate constant of secondary reaction, 1/sec
K2o - pre-exponential conatant of secondary reaction, 1/sec
Kg - rate constant of G1 formation, 1/sec
Ks - rate constant of heterogeneous tar cracking/coking reactions,
1/sec
Kso - surface-based pre-exponential constant of heterogeneous tar
cracking/coking reaction, cm/sec
K,o - KsoPp Sp
t - mass traction of metaplast generated from pre-existing metaplast
M(t - mass fraction of overall metapalst
M(t,Mw)- mass fraction of individual metaplast
Mw - molecular weight of metaplast
Mwl - minimum molecular weight of metaplast
Mwn - maximum molecular weight of metaplast
m - heating rate, K/sec
N-o - flux of tar escaping from the particle surface, l/sec-cm 2
Pa (i) - ambient pressure, atm
Pb - bubble pressure, atm
Pg = partial pressure of devolatilization gases inside the single,
central bubble, atm
Pt(t, Mw) - partial pressure of individual tar species in the single,
central bubble, atm
Pt.a.g. - partial pressure of trapped ambient gas in the simple, central
bubble, atm
R, - particle radius, cm
R2 = bubble radius, cm
RI - particle swelling rate, cm/sec
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R2 - bubble expansion rate, cm/sec
R - defined in Figure I.10.b, cm
R - particle swelling ratio
r - spherical coordinate, cm
rm - physical melting rate, 1/sec
S - pore surface inside a particle, cm2
- temperature, K
AT - temperature difference, K
Tz - mean melting temperature, K
To - initial temperature, K
Tpeak - peak temperature, K
t - time, sec
At - time difference, sec
Tar - mass fraction of tar
U - mass fraction of pre-existing metaplast
UC - mass fraction of unsoftened coal
V - volume of particle shell, cm3
Wjb - mass fraction of individual tar species in the central bubble,
based on the original coal mass, see equation (V.28)
xj,l - molar fraction of individual metaplast species at the particle
surface,
xj,2 - molar fraction of individual metaplast species at the bubble
interface
Yj,l - molar fraction of individual tar species near the particle
surface
Yj,2 - molar fraction of individual tar species inside the single,
central bubble
Zj - Z(t, Mw, r) - metaplast concentraction inside particle
- overall molar concentration of metaplast at the bubble
interface, based on the original coal mass, see equation (V.31)
X - overall molar concentration of metaplast at the particle
surface, based on the original coal mass, see equation (V.37)
4 - metaplast consumption rate due to evaporation to voids, see
equation (V.68)
oT - standard deviation of Gaussian distribution function for
physical melting, K
as - surface tension, dyne/cm
A - weight ratio of coke over secondary gases
p = apparent viscosity of coal melt, poise
S -= constant relating to partial pressure of devolatilization gases
in the single, central bubble to it overall generation rate
pp = particle density, gm/cm 3
X - molecular weight distribution of tar
= - weight ratio of coke over devolatilization gases, generated from
heterogeneous tar cracking/coking reactions
q - pressure factor, defined by equation (V.87)
w - see equation V.83
All mass fractions are based on the initial coal mass.
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APPENDICES
APPENDIX A.(a). DERIVATION OF EQUATION (V.33)
By assuming an ideal gas and defining an effective binary
diffusivity De for the diffusion of component i in a multicomponent
gaseous mixture (tar species 1 to n and the ambient gas), the flux of
component i in terms of transport properties is deduced from the Stefan-
Maxwell equation and expressed as
dyi 'MWn
Ni - CvDe'-- + Yi'( NdMw + Ng) (1)
dr JMwl
where only transport in the radial direction is considered. The indices 1
to n correspond to tar components with molecular weights Mwl to Mwn,
respectively. Subscript g represents the ambient gas.
Assume the diffusion rate of component i at a distance r from the
particle center equals that at the particle surface,
r2Ni - R 2Nio (2)
where Nio is the efflux for component of i at the particle surface
(r-R1). Substituting equation (2) into (1) for Ni, and integrating over r
from R1 to infinity for which the corresponding tar mole fractions are
yio and 0, and gas mole fractions are ygo and 1, one obtain
exp(NtoRl/CvDe)
Nio - NtoYio (3)
exp(NtoRl/CvDe) - 1
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rMwn
where Nto - (I NjodMw + Ng); C, - overall molar concentration of vapor,
JMwI
and
Ygo-exp(NtoRl/CvDg) - 1
N -Nto (4)
exp(NtoRl/CvDg) - 1
Further assume the volume average velocity depends only on the motion of
tar species, i.e. Ng-0, therefore,
CvDg CvDg MWn(l -
Nto In(l/yg o) - - -iyiodMw) (5)
RI  R1 JMwl
Substitution of equation (5) into equation (3) for Nto gives
CvDg FMwn -1 Yio(l - f YiodMw)d
Nio In(1 - YiodMw)-( (6)
R i  JMwl (1 - YiodMw)
d 
- 1
where d - Dd/De. To simplify equation (6), an assumption of similar
diffusivities for all species in the mixture is necessary (i.e. d - 1),
in spite of the fact that in general it is not expected to be true.
Because of low vapor pressures for most tar species, yio << 1. Equation
(6) then reduces to
CvDe CvDmj ,v
Nio - Yio io (7)
R1 R1
or in a dimensionless form,
Nio - Cv.DMj,v'Yio.Mwi/(R1.Wto) (8)
Equation (8) expresses the flux of tar out of the particle surface as
used on the right-hand-side of equation (V.33).
APPENDIX A.(b). DIRIVATION OF EQUATION (V.54)
Let r' - R2 - r and assume the diffusion rate of component i at a
distance r'equals that on the bubble interface,
r'2N - R22Njo (1)
Nj -CDMj,vdyj/dr' (2)
Integration of equation (1) with respect to r', from R2 to r'
corresponding to Yj,2 to yj, gives
R2
2 (- 1/r' + l/R2 ) - - CVDMj,v(yj - Yj, 2)/Njo (3)
Since the escaped tar is assumed to go to the surroundings as shown in
the above figure, thus suggests that r' - c (instead of r' - 0) with yj -
0; therefore,
Njo - Cv-DMj,v'Yj,2/R2 (5)
or a dimensionless form expressed in equation (V.54).
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APPENDIX A.(c). SOLUTION TO EQUATION (V.77)
Differentiation of equation (77) with respect to r gives
d 2 yj dyj
r2 + 2r - w2r2yi - 0 (1)
dr2  dr
where W - I Kv/De,j
Equation (1) has the form of Bessel's equation and its solution is
(Mickley et al, 1959)
Sinh(wR,.) Cosh(wR,)
(2)Yj - C0 l wr2 + C2
With the boundary conditions
@ r - R1 , Yj - Yj,1
@ r - RO, yj - 0.
C1 and C2 are
e - yj,l.w . R1 .Cosh(wRP)U1 "
C2
(3)Sinh[w(R )-R1 ]
Yj,lw . R.l-Sinh(wR,)
(4)Sinh[w(R.-R1)1
Substitution of C1 and C2 into equation (2) gives the solution to
equation (V.77)
j ,'1Rl-Sinh[w(R0 -r)]
r-Sinh[w(R,-R I)]
Yj =
344
(5)
APPENDIX A.(d). DISCUSSION FOR EQUATION (V.92)
Equation (87) can be rewritten as
Sinh[w.(R~ - R1o)] + w.R 1 .Cosh[w-(RP  - R1)]
Thus
Lim r - 1
The quantity Kwo - Kso.Pp-Sp is a constant of the medium under
scrutiny. That medium is an imaginary shell affixed to the external
surfaces of the coal particle to faciliate modeling of tar reactions at
interface that in reality are found within tha coal particle. In
practise, pressure decreases, the tar vapor reactions at interface become
less important and the model responds to this situation by letting the
imaginary shell disappear, i.e. R -+ R1 . However, Kso, Pp, and Sp are
still finite parameters. Just because the medium they apply t'o disappears
does not mean that they can be allowed to approach zero. The present
model [equations (86) and (87)] provides the proper limiting behavior at
low pressures, i.e. in 1, provided by letting R,, - R 1.
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APPENDIX B.1. CALCULATED RESULTS FROM 1 ATM PYROLYSIS
1ST-ORDER RXN MODEL, ATM
TAR
0.130E+00 0.100E+01
0.220E-02 0.450E+02
250 0 0 0 0
0.100E+03 0.500E-05
0.550E+02 0.600E-01
0.910E+02 0.180E-08
4 22
TAR % W.L. RUN #
.2320 .4590 BA42
.0411 .1100 BA35
.0950 .1920 BA37
.1660 .2990 BA33
.1810 .3320 BA34
.2090 .3770 BA30
.2180 .3890 BA44
.2420 .4660 BA31
.2390 .3680 BA50
.1290 .2780 BA32
.1410 .2860 BA40
.2660 .4700 BA45
.2000 .4080 BA46
.0131 .0460 BA5
.0222 .0778 BA6
.1660 .3170 BA41
.2410 .4820 BA23
.2050 .3850 BA49
.2170 .4740 BA25
.0906 .1960 BA36
.0434 .1020 BA38
.0746 .1480 BA39
0.146E+01
0.100E+01
0.490E+01
0.576E+04
0.240E+02
0.350E-02 0.500E-02
0.100E+13 0.292E+05
0.500E-03 0.578E-03
0.255E+03 0.586E+00
0.000E+00 O.000E+00
TOTAL #
14 15
13 14
14 15
14 15
15 16
17 18
16 17
17 18
16 17
14 15
14 15
16 17
15 16
14 15
13 14
16 17
15 16
14 15
15 16
14 15
14 15
13 14
Time(sec)-Temperature(C) history of BA42
.00 25.0.25 355.0.45 614.0.65 830.0.901025.1.05 993.1.40 905.2.00 828.
2.50 801.3.50 801.5.00 794.5.25 709.6.00 467.6.50 350.
Peak Temperature- 1025.0 C
Time(sec)-Temperature(C) history of BA35
.00 25.0.10 134.0.20 247.0.30 337.0.40 426.0.50 510.0.60 499.0.75 473.
1.00 443.1.25 417.1.50 393.2.00 355.2.08 350.
Peak Temperature= 510.0 C
Time(sec)-Temperature(C) history of BA37
.00 25.0.10 184.0.25 367.0.35 481.0.45 591.0.50 650.0.55 661.0.65 654.
.75 640.1.00 579.1.25 527.1.75 445.2.50 372.2.89 350.
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Peak Temperature- 661.0 C
Time(sec)-Temperature(C) history of BA33
.00 25.0.10 209.0.25 391.0.40 579.0.50 692.0.60 806.0.65 818.0.75 784.
1.00 697.1.25 638.1.50 579.2.00 488.2.50 419.3.19 350.
Peak Temperature- 818.0 C
Time(sec)-Temperature(C) history of BA34
.00 25.0.10 177.0.20 307.0.30 438.0.40 560.0.50 697.0.60 794.0.65 825.
.70 806.0.80 764.0.90 721.1.00 697.1.25 645.2.25 490.3.75 350.
Peak Temperature- 825.0 C
Time(sec)-Temperature(C) history of BA30
.00 25.0.15 266.0.25 405.0.40 590.0.50 711.0.65 843.0.70 843.0.85 771.
1.00 712.1.10 685.1.25 645.1.35 623.1.50 591.2.00 516.2.50 457.3.00 405.
3.65 350.
Peak Temperature- 843.0 C
Time(sec)-Temperature(C) history of BA44
.00 25.0.22 362.0.37 521.0.47 614.0.57 709.0.67 781.0.77 830.0.82 870.
.92 850.1.07 798.1.22 752.1.47 697.1.97 603.2.72 495.3.50 424.4.02 350.
Peak Temperature- 870.0 C
Time(sec)-Temperature(C) history of BA31
.00 25.0.10 202.0.25 450.0.35 615.0.50 820.0.55 953.0.65 953.0.85 838.
.95 801.1.05 764.1.15 727.1.25 690.1.50 631.2.00 537.2.50 469.3.50 372.
3.85 350.
Peak Temperature= 953.0 C
Time(sec)-Temperature(C) history of BA50
.00 25.0.25 403.0.50 648.0.75 628.1.00 626.1.25 626.1.50 636.1.75 650.
2.00 653.2.25 661.2.40 668.2.65 614.3.00 560.3.50 492.4.50 391.4.88 350.
Peak Temperature= 668.0 C
Time(sec)-Temperature(C) history of BA32
.00 25.0.10 154.0.25 343.0.40 490.0.50 598.0.60 692.0.65 728.0.70 747.
.75 740.1.00 673.1.50 574.2.00 502.3.00 395.3.51 350.
Peak Temperature- 747.0 C
Time(sec)-Temperature(C) history of BA40
.00 25.0.20 283.0.30 410.0.40 532.0.50 638.0.60 712.0.65 742.0.75 712.
.85 676.1.00 631.1.25 570.1.50 532.2.00 445.2.93 350.
Peak Temperature- 742.0 C
348
Time(sec)-Temperature(C) history of BA45
.00 25.0.30 370.0.45 532.0.55 623.0.65 721.0.75 776.0.85 847.0.90 912.
1.00 912.1.10 855.1.25 801.1.50 726.2.00 626.2.75 501.3.50 418.4.25 350.
Peak Temperature- 912.0 C
Time(sec)-Temperature(C) history of BA46
.00 25.0.30 437.0.45 602,0.55 696.0.65 779.0.75 850.0.85 896.0.90 925.
1.00 916.1.15 857.1.40 784.1.75 696.2.25 602.3.00 487.4.30 350.
Peak Temperature= 925.0 C
Time(sec)-Temperature(C) history of BA5
.00 25.0.10 212.0.15 293.0.20 379.0.25 438.0.30 433.0.35 422.0.40 414.
.45 405.0.50 398.0.55 393.0.60 386.0.75 369.1.00 350.
Peak Temperature- 438.0 C
Time(sec)-Temperature(C) history of BA6
.00 25.0.10 167.0.15 227.0.20 295.0.25 353.0.30 402.0.35 440.0.40 431.
.45 424.0.50 419.0.55 414.0.90 388.1.65 350.
Peak Temperature- 440.0 C
Time(sec)-Temperature(C) history of BA41
.00 25.0.20 267.0.30 364.0.40 462.0.50 546.0.60 630.0.70 715.0.80 771.
.87 800.0.95 788.1.10 732.1.25 691.1.50 630.2.50 471.3.50 367.3.73 350.
Peak Temperature- 800.0 C
Time(sec)-Temperature(C) history of BA23
.00 25.0.20 271.0.55 607.0.60 640.0.65 652.0.70 699.0.90 927.1.20 941.
1.60 936.1.95 927.4.10 926.6.55 917.7.35 651.8.45 461.9.66 350.
Peak Temperature- 941.0 C
Time(sec)-Temperature(C) history of BA49
.00 25.0.25 283.0.50 544.1.00 560.1.50 586.2.00 621.2.25 638.2.40 645.
2.60 614.3.00 565.3.50 504.4.00 445.4.50 396.5.00 350.
Peak Temperature= 645.0 C
Time(sec)-Temperature(C) history of BA25
.00 25.0.25 398.0.50 702.0.75 910.0.931042.1.151030.1.75 988.2.50 968.
3.50 963.5.00 955.6.50 947.7.35 943.8.00 709.9.00 527.**** 350.
Peak Temperature- 1042.0 C
Time(sec)-Temperature(C) history of BA36
.00 25.0.10 184.0.20 329.0.30 450.0.40 586.0.50 704.0.55 733.0.65 714.
.75 685.1.00 619.1.25 575.1.50 537.2.00 471.3.00 350.
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Peak Temperature- 733.0 C
Time(sec)-Temperature(C) history of BA38
.00 25.0.10 110.0.25 243.0.40 379.0.50 473.0.55 510.0.65 504.0.80 483.
1.00 459.1.25 437.1.50 428.2.00 403.2.50 379.3.00 350.
Peak Temperature- 510.0 C
Time(sec)-Temperature(C) history of BA39
.00 25.0.20 259.0.30 370.0.40 485.0.50 579.0.55 633.0.60 638.0.80 603.
1.00 563.1.50 497.2.00 441.2.50 396.3.00 350.
Peak Temperature- 638.0 C
0.400E+04 0.170E+05 0.145E+05 0.200E+05
3 0.500E-03 20
**RESULTS OF COAL PYROLYSIS BEST-FIT ANALYSIS**
MODEL NAME: 1ST-ORDER RXN MODEL, ATM
ASSUMED CONSTANT VALUES:
0.1300E+00 0.1000E+01 0.1460E+01 0.3500E-02 0.5000E-02
0.2200E-02 0.4500E+02 0.1000E+01 0.1000E+13 0.2920E+05
0.1000E+03 0.5000E-05 0.4900E+01 0.5000E-03 0.5780E-03
0.5500E+02 0.6000E-01 0.5760E+04 0.2550E+03 0.5860E+00
0.9100E+02 0.1800E-08 0.2400E+02 0.0000E+00 0.0000E+00
FINAL PARAMETER VALUES:
PARAMETER NO. 1: 0.40000000E+04
PARAMETER NO. 2: 0.17000000E+05
PARAMETER NO. 3: 0.14500000E+05
PARAMETER NO. 4: 0.20000000E+05
**RESULTS OF FIT**
NO. T (C) TAR TAR* WL WL* UC METAP GAS
BA42 1025. 0.2160 0.2320 0.5398 0.4590 0.0009 0.0050 0.2738
BA35 510. 0.0451 0.0411 0.0967 0.1100 0.5955 0.0969 0.0017
BA37 661. 0.0989 0.0950 0.1658 0.1920 0.4782 0.1104 0.0170
BA33 818. 0.1949 0.1660 0.3181 0.2990 0.2724 0.1012 0.0732
BA34 825. 0.2137 0.1810 0.3403 0.3320 0.2572 0.0955 0.0767
BA30 843. 0.2186 0.2090 0.3572 0.3770 0.2331 0.0914 0.0886
BA44 870. 0.2579 0.2180 0.4439 0.3890 0.1329 0.0697 0.1360
BA31 953. 0.2410 0.2420 0.4624 0.4660 0.0964 0.0567 0.1714
BA50 668. 0.2478 0.2390 0.3658 0.3680 0.2467 0.0938 0.0679
BA32 747. 0.1673 0.1290 0.2624 0.2780 0.3497 0.1083 0.0452
BA40 742. 0.1332 0.1410 0.2163 0.2860 0.4017 0.1131 0.0331
BA45 912. 0.2569 0.2660 0.4727 0.4700 0.0933 0.0560 0.1658
BA46
BA5
BA6
BA41
BA23
BA49
BA25
BA36
BA38
BA39
NO.
BA42
BA35
BA37
BA33
BA34
BA30
BA44
BA31
BA50
BA32
BA40
BA45
BA46
BA5
BA6
BA41
BA23
BA49
BA25
BA36
BA38
BA39
925.
438.
440.
800.
941.
645.
1042.
733.
510.
638.
COKE
0.3422
0.0021
0.0212
0.0915
0.0958
0.1108
0.1700
0.2142
0.0849
0.0565
0.0414
0.2072
0.2438
0.0004
0.0006
0.0953
0.3364
0.0523
0.3457
0.0431
0.0029
0.0160
08
54
35
72
74
02
73
46
99
54
0.4080
0.0460
0.0778
0.3170
0.4820
0.3850
0.4740
0.1960
0.1020
0.1480
0.2558
0.0251
0.0330
0.2109
0.2284
0.1984
0.2107
0.1401
0.0576
0.0926
SOLID
0.0000
0.0989
0.1143
0.1069
0.1011
0.0975
0.0715
0.0602
0.0984
0.1131
0.1173
0.0594
0.0446
0.1024
0.1017
0.1027
0.0000
0.1097
0.0000
0.1160
0.0977
0.1103
0.0577
0.6146
0.6110
0.2576
0.0012
0.3326
0.0014
0.3932
0.5853
0.5003
* : Experimental Results.
Standard Error of Tar:0.2805E-01
Standard Error of Weight Loss:0.4970E-01
Standard Error of Tar and Weight Loss:0.3829E-01
350
0.0430
0.0972
0.0931
0.0972
0.0050
0.1050
0.0050
0.1132
0.0942
0.1079
0.1950
0.0003
0.0005
0.0762
0.2691
0.0418
0.2766
0.0345
0.0023
0.0128
0.2000 0.50
0.0131 0.07
0.0222 0.08
0.1660 0.33
0.2410 0.54
0.2050 0.29
0.2170 0.53
0.0906 0.22,
0.0434 0.10
0.0746 0.15
R1
0.4596E-02
0.4597E-02
0.4596E-02
0.4599E-02
0.4597E-02
0.4593E-02
0.4595E-02
0.4598E-02
0.4593E-02
0.4596E-02
0.4598E-02
0.4596E-02
0.4594E-02
0.4595E-02
0.4594E-02
0.4597E-02
0.4597E-02
0.4593E-02
0.4593E-02
0.4593E-02
0.4594E-02
0.4597E-02
R2
0.4335E-02
0.4051E-02
0.4097E-02
0.4201E-02
0.4213E-02
0.4219E-02
0.4275E-02
0.4291E-02
0.4224E-02
0.4161E-02
0.4133E-02
0.4294E-02
0.4310E-02
0.4034E-02
0.4038E-02
0.4210E-02
0.4341E-02
0.4176E-02
0.4331E-02
0.4133E-02
0.4056E-02
0.4092E-02
MWV
397.1
386.1
388.9
392.9
393.1
393.5
394.6
395.3
392.8
391.5
390.5
395.1
395.5
386.2
385.7
393.0
396.9
391.3
397.6
390.7
386.3
388.3
MWL
414.5
412.5
415.4
418.8
420.5
420.5
422.9
422.3
422.4
418.3
416.6
423.1
423.2
410.2
411.2
419.9
412.8
420.5
411.3
417.0
414.0
415.5
APPENDIX B.2. CALCULATED RESULTS FROM VACUUM PYROLYSIS
1ST-ORDER RXN MODEL,VCUM
TAR
0.130E+00 0.100E-02
0.220E-02 0.190E+03
250 0 0 0 0
0.500E+02 0.500E-05
0.550E+02 0.300E-01
0.100E+02 0.180E-08
1 15
TAR % W.L.
.3202 .5130
.0453 .2000
.2892 .4900
.0960 .2740
.1428
.1422
.3188
.2960
.3200
.2620
.5060
.5180
.3400 .5300
.2684
.3501
.1656
.1985
.2750
.1870
.4740
.4940
.2690
.4290
.4075
.3890
RUN #
BV3
VC9
VC11
VC4
VC6
VC13
BV1
BV7
BV6
BV2
VC1
VC7
VC2
VC5
VC10
0.146E+01 0.350E-02
0.100E+01 0.100E+13
0.490E+01 0.500E-03
0.576E+04 0.255E+03
0.280E+02 0.000E+00
0.500E-02
0.292E+05
0.578E-03
0.586E+00
0.000E+00
TOTAL #
10 11
11 12
15 16
13 14
14 15
12 13
12 13
12 13
12 13
11 12
14 15
14 15
16 17
14 15
17 18
Time(sec)-Temperature(C) history of BV3
.00 25.0.15 73.0.30 194.0.55 544.0.80 718.1.05 764.1.30 759.2.30 653.
4.50 470.6.86 350.
Peak Temperature= 764.0 C
Time(sec)-Temperature(C) history of VC9
.00 25.0.10 129.0.25 450.0.30 501.0.45 514.0.55 514.0.70 511.0.95 461.
1.50 443.3.00 393.4.20 350.
Peak Temperature= 514.0 C
Time(sec)-Temperature(C) history of VC11
.00 25.0.15 66.0.25 117.0.30 142.0.45 461.0.55 605.0.65 661.0.75 674.
.85 671.1.00 659.1.45 605.2.85 471.3.50 431.4.50 381.5.25 350.
Peak Temperature= 674.0 C
Time(sec)-Temperature(C) history of VC4
.00 25.0.10 54.0.20 119.0.30 251.0.45 518.0.55 612.0.65 645.0.85 645.
1.25 593.2.00 527.3.00 457.4.50 376.5.67 350.
Peak Temperature- 645.0 C
351
352
Time(sec)-Temperature(C) history of VC6
.00 25.0.15 117.0.25 207.0.40 551.0.50 631.0.65 692.0.80 697.0.95 697.
1.20 687.1.75 612.2.50 574.4.00 459.5.00 410.6.25 350.
Peak Temperature- 697.0 C
Time(sec)-Temperature(C) history of VC13
.00 25.0.15 147.0.25 353.0.35 485.0.50 527.0.75 538.0.85 538.1.00 534.
2.00 476.3.00 424.4.05 381.5.10 350.
Peak Temperature- 538.0 C
Time(sec)-Temperature(C) history of BV1
.00 25.0.15 81.0.35 262.0.50 485.0.65
3.65 553.5.40 437.7.00 363.7.26 350.
Peak Temperature- 907.0 C
721.0.90 907.1.40 815.2.40 673.
Time(sec)-Temperature(C) history of BV7
.00 25.0.25 62.0.50 176.0.75 471.1.00 602.2.25 767.3.50 845.4.75 889.
5.90 891.6.75 702.8.25 512.10.0 386.
Peak Temperature- 891.0 C
Time(sec)-Temperature(C) history of BV6
.00 25.0.35 293.0.50 555.0.75 817.1.70
5.51 937.6.20 690.7.70 520.10.0 374.
Peak Temperature-
862.3.00 911.4.45 940.5.05 945.
945.0 C
Time(sec)-Temperature(C) history of BV2
.00 25.0.20 66.0.35 168.0.50 413.0.75 677.0.90 814.1.00 829.1.25 805.
2.50 600.4.25 443.6.00 350.
Peak Temperature= 829.0 C
Time(sec)-Temperature(C) history of VC1
.00 25.0.10 793.0.20 838.0.30 838.0.35 830.0.85 742.1.35 666.1.85 600.
2.35 548.2.85 506.3.60 452.4.35 407.5.10 367.5.70 350.
Peak Temperature- 838.0 C
Time(sec)-Temperature(C) history of VC7
.00 25.0.25 124.0.30 182.0.40 331.0.50
.95 647.1.05 642.2.25 532.3.50 452.5.25
Peak Temperature- 647.0 C
Time(sec)-Temperature(C) history of VC2
499.0.60 586.0.75 638.0.85 647.
383.6.09 350.
.00 25.0.15 57.0.25 107.0.35 212.0.55 466.0.65 591.0.75 640.0.85 668.
353
1.00 685.1.10 696.1.25 696.1.45 683.2.00 619.3.00 559.4.50 449.6.65 350.
Peak Temperature- 696.0 C
Time(sec)-Temperature(C) history of VC5
.00 25.0.15 105.0.30 271.0.45 602.0.55 726.0.65 749.0.75 749.0.90 764.
1.25 690.2.00 609.3.00 525.4.25 440.5.75 388.6.70 350.
Peak Temperature- 764.0 C
Time(sec)-Temperature(C) history of VC10
.00 25.0.15 54.0.25 117.0.30 179.0.40 485.0.45 588.0.50 628.0.65 659.
.75 667.0.90 667.1.00 662.1.50 621.2.00 576.3.50 473.4.75 405.5.75 362.
.03 350.
Peak Temperature= 667.0 C
0.180E-08
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**RESULTS OF COAL PYROLYSIS BEST-FIT ANALYSIS**
MODEL NAME: 1ST-ORDER RXN MODEL,VCUM
ASSUMED CONSTANT VALUES:
0.1300E+00 0.1000E-02 0.1460E+01 0.3500E-02 0.5000E-02
0.2200E-02 0.1900E+03 0.1000E+01 0.1000E+13 0.2920E+05
0.5000E+02 0.5000E-05 0.4900E+01 0.5000E-03 0.5780E-03
0.5500E+02 0.3000E-01 0.5760E+04 0.2550E+03 0.5860E+00
0.1000E+02 0.1800E-08 0.2800E+02 0.0000E+00 0.0000E+00
FINAL PARAMETER VALUES:
PARAMETER NO. 1: 0.18000000E-08
**RESULTS OF FIT**
NO. T (C) TAR TAR* WL WL* UC METAP GAS
BV3 764. 0.3160 0.3202 0.4930 0.5130 0.1215 0.0547 0.1269
VC9 514. 0.0782 0.0453 0.1322 0.2000 0.5633 0.0924 0.0040
VC11 674. 0.1881 0.2892 0.2763 0.4900 0.3597 0.0978 0.0382
VC4 645. 0.1675 0.0960 0.2450 0.2740 0.4042 0.0980 0.0275
VC6 697. 0.2671 0.1428 0.3870 0.3200 0.2441 0.0804 0.0699
VC13 538. 0.1060 0.1422 0.1646 0.2620 0.5173 0.0957 0.0085
BV1 907. 0.2771 0.3188 0.5365 0.5060 0.0335 0.0279 0.2094
BV7 891. 0.3058 0.2960 0.5905 0.5180 0.0010 0.0050 0.2348
BV6 945. 0.2605 0.3400 0.5652 0.5300 0.0011 0.0050 0.2547
BV2 829. 0.2908 0.2684 0.4888 0.4740 0.1038 0.0529 0.1480
VC1 838. 0.2875 0.3501 0.4840 0.4940 0.1086 0.0534 0.1467
VC7 647. 0.1929 0.1656 0.2763 0.2690 0.3722 0.0940 0.0335
354
0.1985 0.3940 0.4290 0.2390 0.0786 0.0707
0.2750 0.4382 0.4075 0.1888 0.0653 0.0952
0.1870 0.3278 0.3890 0.3105 0.0898 0.0488
VC2
VC5
VC10
NO.
BV3
VC9
VC11
VC4
VC6
VC13
BV1
BV7
BV6
BV2
VC1
VC7
VC2
VC5
VC10
696.
764.
667.
COKE
0.1587
0.0050
0.0478
0.0343
0.0873
0.0107
0.2617
0.2934
0.3184
0.1850
0.1834
0.0418
0.0884
0.1190
0.0611
0.2733
0.2930
0.2290
SOLID
0.0621
0.0972
0.1084
0.1085
0.0911
0.1019
0.0305
0.0000
0.0000
0.0595
0.0606
0.1055
0.0899
0.0787
0.1009
MWL
431.1
416.2
421.2
420.8
426.4
418.0
430.3
415.8
414.3
428.3
428.7
422.5
427.0
429.6
424.2
* : Experimental Results.
Standard Error of Tar:0.6023E-01
Standard Error of Weight Loss:0.7321E-01
Standard Error of Tar and Weight Loss:0.6583E-01
R1
0.4605E-02
0.4598E-02
0.4598E-02
0.4616E-02
0.4595E-02
0.4616E-02
0.4604E-02
0.4615E-02
0.4629E-02
OC4599E-02
0.4591E-02
0.4610E-02
0.4599E-02
0.4625E-02
0.4608E-02
R2
0.4318E-02
0.4078E-02
0.4174E-02
0.4175E-02
0.4240E-02
0.4122E-02
0.4343E-02
0.4386E-02
0.4388E-02
0.4308E-02
0.4297E-02
0.4188E-02
0.4250E-02
0.4307E-02
0.4219E-02
MWV
394.3
386.9
391.2
390.3
393.0
387.9
395.3
395.5
396.2
394.6
394.7
390.9
393.0
393.7
392.0
APPENDIX B.3. CALCULATED RESULTS FROM 69-ATM PYROLYSIS
1ST-ORDER RXN MODEL,HI-F
TAR
0.130E+O0 0.690E+02
0.220E-02 O.OO00E+00
250 0 0 0 0
0.350E+02 0.500E-05
0.340E+01 0.300E-01
0.500E-02 0.650E-08
3 8
TAR %
1290
1280
1120
0980
1100
1230
0460
0250
W.L.
.3720
.3640
.2950
.2320
.3360
.3400
.1500
.0710
RUN #
BP8
BP12
BP11
BP10
BP6
BP13
BP7
BP9
0.146E+01 0.350E-02
0.100E+01 0.100E+13
0.490E+01 0.500E-03
0.576E+04 0.255E+03
0.250E+02 0.000E+00
0.500E-02
0.292E+05
0.578E-03
0.586E+00
0.230E+02
TOTAL #
14 15
13 14
11 12
12 13
12 13
13 16
8 13
8 13
Time (sec) - Temperature (C) History of BP8
.00 25.0.10 111.0.20 271.0.30 419.0.45 653.0.50 715.0.75 936.1.001084.
1.101047.1.35 825.1.60 628.1.85 518.2.05 431.2.37 350.
Peak Temperature = 1084.0 C
Time (sec) - Temperature (C) History of BP12
.00 25.0.10 128.0.25 303.0.35 419.0.50 593.0.65 729.0.80 842.0.95 960.
1.10 925.1.45 670.1.65 568.2.30 367.2.39 350.
Peak Temperature = 960.0 C
Time (sec) - Temperature (C) History of BP11
.00 25.0.10 145.0.20 266.0.30 386.0.40 500.0.50 615.0.60 724.0.65 724.
.75 710.1.15 515.1.55 350.
Peak Temperature = 724.0 C
Time (sec) - Temperature (C) History of BP10
.00 25.0.10 106.0.20 226.0.30 372.0.40 500.0.50 600.0.55 604.0.65 590.
.85 535.1.05 465.1.30 407.1.55 350.
Peak Temperature - 604.0 C
Time (sec) - Temperature (C) History of BP6
.00 25.0.15 210.0.30 398.0.40 483.0.50 567.0.65 694.0.75 779.0.80 813.
.85 811.1.20 559.1.60 398.1.80 350.
Peak Temperature - 813.0 C
355
356
Time (sec) - Temperature (C) History of BP13
.00 25.0.15 180.0.25 304.0.35 423.0.50 597.0.65 716.0.85 823.1.00 930.
1.05 930.1.40 680.1.85 478.2.25 367.2.36 350.
Peak Temperature - 930.0 C
Time (sec) - Temperature (C) History of BP7
.00 25.0.10 195.0.20 365.0.25 449.0.30 460.0.40 483.0.50 469.0.90 350.
Peak Temperature - 483.0 C
Time (sec) - Temperature (C) History of BP9
.00 25.0.15 181.0.25 285.0.35 389.0.45 396.0.55 384.0.65 372.0.75 350.
Peak Temperature - 396.0 C
0.600E-02 0.340E+09 0.200E+05
4 0.100E-05 20
**RESULTS OF COAL PYROLYSIS BEST-FIT ANALYSIS**
MODEL NAME: 1ST-ORDER RXN MODEL,HI--
COMPONENT EVOLVED: TAR
ASSUMED CONSTANT VALUES:
0.1300E+00 0.6900E+02 0.1460E+01 0.3500E-02 0.5000E-02
0.2200E-02 O.0000E+00 0.1000E+01 0.1000E+13 0.2920E+05
0.3500E+02 0.5000E-05 0.4900E+01 0.5000E-03 0.5780E-03
0.3400E+01 0.3000E-01 0.5760E+04 0.2550E+03 0.5860E+00
0.5000E-02 0.6500E-08 0.2500E+02 O.O000E+00 0.2300E+02
FINAL PARAMETER VALUES:
PARAMETER NO. 1: 0.60000000E-02
PARAMETER NO. 2: 0.34000000E+09
PARAMETER NO. 3: 0.20000000E+05
**RESULTS OF FIT**
NO. T (C) TAR TAR* WL WL* UC METAP GAS
BP8 1084. 0.0730 0.1290 0.3720 0.3720 0.0168 0.0139 0.2247
BP12 960. 0.1219 0.1280 0.3640 0.3640 0.0992 0.0419 0.1516
BP11 724. 0.1052 0.1120 0.2084 0.2950 0.4586 0.0980 0.0208
BP10 604. 0.0811 0.0980 0.1445 0.2320 0.5618 0.0874 0.0050
BP6 813. 0.1289 0.1100 0.2837 0.3360 0.3647 0.0921 0.0423
BP13 930. 0.1414 0.1230 0.3400 0.3400 0.1417 0.0518 0.1250
BP7 483. 0.0517 0.0460 0.1027 0.1500 0.6092 0.0876 0.0007
BP9 396. 0.0063 0.0250 0.0710 0.0710 0.6176 0.1996 0.0001
NO. COKE SOLID RI R2 MWV MWL Q
0.4591E-02
0.4591E-02
0.4591E-02
0.4592E-02
0.4592E-02
0.4592E-02
0.4592E-02
0.4578E-02
0.4344E-02
0.4315E-02
0.4120E-02
0.4078E-02
0.4171E-02
0.4297E-02
0.4050E-02
0.3996E-02
* : Experimental Results.
Q : Weight ratio of Tar-destruction-reactions-generated Coke over Gases
Standard Error of Tar:0.4584E-03
Standard Error of Weight Loss:0.6345E-01
Standard Error of Tar and Weight Loss:0.4360E-01
BP8
BP12
BP11
BP10
BP6
BP13
BP7
BP9
0.2808
0.1895
0.0260
0.0062
0.0529
0.1563
0.0008
0.0001
0.0142
0.0443
0.0990
0.0901
0.0967
0.0558
0.0897
0.0897
357
393.8
393.3
388.9
386.9
390.5
393.0
385.7
420.7
426.1
432.4
419.8
418.1
422.4
431.5
414.2
406.9
7.8
3.7
0.0
0.0
0.0
6.1
0.0
1.0
APPENDIX B.4. CALCULATED RESULTS FROM THE 1ST-ORDER REACTION MODEL
1ST-ORDER RXN MODEL, ATM
TAR
0.130E+00 0.100E+01
0.220E-02 0.450E+02
250 0 0 0 0
0.100E+03 0.500E-05
0.550E+02 0.600E-01
0.910E+02 0.270E-08
W.L.
.4590
.1100
.1920
.2990
.3320
.3770
.3890
.4660
.3680
.2780
.2860
.4700
.4080
.0460
.0778
.3170
.4820
.3850
.4740
.1960
.1020
.1480
3 22
TAR %
.2320
.0411
.0950
.1660
.1810
.2090
.2180
.2420
.2390
.1290
.1410
.2660
.2000
.0131
.0222
.1660
.2410
.2050
.2170
.0906
.0434
.0746
RUN
BA42
BA35
BA37
BA33
BA34
BA30
BA44
BA31
BA50
BA32
BA40
BA45
BA46
BA5
BA6
BA41
BA23
BA49
BA25
BA36
BA38
BA39
0.146E+01 0.350E-02 0.500E-02
0.100E+01 0.100E+13 0.292E+05
0.490E+01 0.500E-03 0.578E-03
0.576E+04 0.255E+03 0.586E+00
0.240E+02 0.000E+00 O.O00E+00
# TOTAL #
14 15
13 14
14 15
14 15
15 16
17 18
16 17
17 18
16 17
14 15
14 15
16 17
15 16
14 15
13 14
16 17
15 16
14 15
15 16
14 15
14 15
13 14
**RESULTS OF FIT**
NO.
BA42
BA35
BA37
BA3 3
BA34
BA30
BA44
BA31
BA50
BA3 2
BA40
BA45
BA46
T (C)
1025.
510.
661.
818.
825.
843.
870.
953.
668.
747.
742.
912.
925.
TAR
0.2368
0.0212
0.0948
0.1824
0.1883
0.1950
0.2199
0.2259
0.1951
0.1553
0.1323
0.2269
0.2321
TAR*
0.2320
0.0411
0.0950
0.1660
0.1810
0.2090
0.2180
0.2420
0.2390
0.1290
0.1410
0.2660
0.2000
358
359
BA5 438. 0.0051 0.0131
BA6 440. 0.0084 0.0222
BA41 800. 0.1874 0.1660
BA23 941. 0.2368 0.2410
BA49 645. 0.1668 0.2050
BA25 1042. 0.2368 0.2170
BA36 733. 0.1365 0.0906
BA38 510. 0.0297 0.0434
BA39 638. 0.0839 0.0746
* :Experimental Results.
Sum of Squared Error :0.1143E-01
Standard Error of Estimates - 0.2452E-01
APPENDIX C.l. COMPUTER PROGRAM OF THE C MODEL
The C model is developed by Steve Jaanpyng Hsu (1989).......
The program presented here is revised version for the thesis,
which combines two individual subroutines, CMODEL, into one.
The two CMODELs are for (1) low pressure (e.g. vacuum, 1 atm)
pyrolysis and (2) high pressure ( e.g. 69 atm) pyrolysis.
The high-pressure program accounts for heterogeneous tar
cracking/coking reactions, while the low-pressure program did
not. Bothe programs are quite similar, but the high-pressure
program includes more computer statements. In order to combine
these programs together, the 'extra' computer statements in the
high-pressure program are written in italic and underlined
type and are inserted in this revised version. For the
predictions of low pressure pyrolysis, the italic and
underlined computer statements should be removed. For the
predictions of high-pressure pyrolysis, the Bold and Underlined
computer statements should be removed. The principle theory for
the program is presented in chapter V.7.
IMPLICIT DOUBLE PRECISION (A-H,O-Z)
REAL*8 IE,IG,LAMDA,MWG
EXTERNAL CMODEL
DIMENSION PARM(5), PZX(4),ETAR(25),XJAC(25,5),
1 XJTJ(15),WORK(90)
COMMON /TMTMP/ TIME(60,42),TEMP(60,42),EXPVL(60),CALVL(60),
1 NUM(60),PEAKT(60),NKK(60)
COMMON /NAME/NMCMP(2),NAMRN(60),NAMDL(6)
COMMON /CONST/CONST(10),RUNVL(60),ETIME(60,42),WTO,
1 ETEMP(60,42),WL(60),VOLUM
COMMON /JUDGE/JESUS,IRR,IS
COMMON /GZ1/ H,RG2,RG,U,TZ,SIGMAT,AKGO,EAG,TO,HEMW,MWG,LAMDA
COMMON /GZ2/ Sl(15),S2(15),S3(15),CBAR(15),S4(15),S7(15),S8(15)
COMMON /GZ3/ CO,CI,C2,C3,C4,C5,C6,C7,C1C,C2C,C3C
COMMON /GZ4/ IE(3),IG(4),D(4)
COMMON /GZ6/ NBER(5),TBER(15)
OPEN (UNIT-5,FILE-'DUM2.DAT',STATUS-'OLD')
OPEN (UNIT-6,FILE-'MAY.DAT',STATUS-'NEW')
OPEN (UNIT-7,FILE-'CN.DAT',STATUS-'NEW')
DATA DELTA,EPSDF,IOPT,NSGDF,MXTDF/0.0001,.0005,1,3,30/
DATA RG/1.9872/
DATA U,TZ,SIGMAT/0.25,623.,30./
DATA TO/300./
DATA HEMW/4./
DATA IRR,RG2,MWG/15,82.057,24/
DATA LAMDA/1.25/
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C........
C........
C........
C........
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C........
C........
C........
C........
C........
C........
C........
C........
C.......
C........
C.......
C.......
C........
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C.
C.
DATA IE/.5,.5,1./
DATA IG/.16666667,.3333333,.3333333,.16666667
DATA D/.0,.5,.0,0.5/
C.
CALL CFIN(PARM,NRUNS,NPAM,NSIG,EPS,MAXIT)
C
VOLUM-4.18879*(CONST(4)**3-CONST(6)**3)
WTO-CONST(3)*VOLUM
C.
IS-IRR-1
CBAR(1)--TBER(3)
H--2.*CBAR(1)/IS
DO 3 I-2,IRR
3 CBAR(I)-CBAR(I-1)+H
CO- DATAN(CBAR(IRR))
C1-2.*CO
C2-RG2*WTO
C3-MWG*12.56637061
C4-1./(1.+LAMDA)
C6-LAMDA*C4
C7-C3/3.
CiC-1./H**2
C2C-0.5/H
C3C-2.*H
AKGO-CONST(9)
EAG-CONST(10)
DO 10 I-1,IRR
S1(I)-DATAN(CBAR(I))
S2(I)-(SI(I)+CO)/C1
S3(I)-CI/DCOS(S1(I))**2
S7(I)-S3(I)**2
S8(I)-S2(I)*S3(I)
SK=2.*S1(I)
10 S4(I)-DSIN(SK)*S7(I)
C 4 GO TO 101
5 IXJAC-NRUNS
C.
IF(EPS.EQ.0) EPS-EPSDF
IF(NSIG.EQ.O) NSIG-NSGDF
IF(MAXIT.EQ.O) MAXIT-MXTDF
MAXFN= (NPAM+2)*MAXIT
C.
CALL CMODEL(PARM,NRUNS,NPAM,ETAR)
C CALL ZXSSQ(CMODEL,NRUNS,NPAM,NSIG,EPS,DELTA,MAXFN,IOPT,PZX,PARM
C 1 ,SSQTAR,ETAR,XJAC,IXJAC,XJTJ,WORK,INFER,IER)
C.
QSQTAR-(SSQTAR/(NRUNS-NPAM) )**0.5
C CALL CFOUT(PARM,NRUNS,NPAM,QSQTAR,QSQWL,QSQ)
C WRITE(6,20) WORK(5),INFER,IER
C FORMAT(//6X,' Number of Iteration-',F7.2/,
362
C 1 6X,' Convergence Criterion-',I5/,
C 2 6X,' Error Index -',15)
101 STOP
END
C ......................
SUBROUTINE CFIN(PARM,NRUNS,NPAM,NSIG,EPS,MAXIT)
IMPLICIT DOUBLE PRECISION (A-H,O-Z)
DIMENSION PARM(10),XTIME(60,20),XTEMP(60,20)
COMMON /TMTMP/ TIME(60,42),TEMP(60,42),EXPVL(60),CALVL(60),
1 NUM(60),PEAKT(60),NKK(60)
COMMON /NAME/NMCMP(2),NAMR~N(60),NAMDL(6)
COMMON /CONST/CONST(10),RUNVL(60),ETIME(60,42),WTO,
1 ETEMP(60,42),WL(60),VOLUM
COMMON /GZ6/ NBER(5),TBER(15)
DATA NIN/5/,ID/6/
C.
C.
READ(NIN,100) (NAMDL(I),I-1,6)
WRITE(ID,100) (NAMDL(I),I-1,6)
READ(NIN,100) (NMCMP(I),I-1,2)
WRITE(ID,100) (NMCMP(I),I-1,2)
C.
READ(NIN,110) (CONST(I),I-1,10)
WRITE(ID,110) (CONST(I), I-,10)
C.
READ(NIN,115) (NBER(I),I-1,5)
WRITE(ID,115) (NBER(I),I-1,5)
READ(NIN,110) (TBER(I),I-1,15)
WRITE(ID,110) (TBER(I), I-1,15)
C.
READ(NIN,120) NPAM,NRUNS
WRITE(ID,120) NPAM,NRUNS
C.
WRITE(ID,124)
DO 10 I-1,NRUNS
READ(NIN,130) EXPVL(I),WL(I),NAMRN(I),NUM(I),NKK(I)
WRITE(ID,130) EXPVL(I),WL(I),NAMRN(I),NUM(I),NKK(I)
C.
IF(NUM(I).EQ.O) NUM(I)-15
10 CONTINUE
C.
DO 30 I-1,NRUNS
L-NUM(I)
IL=L-1
READ(NIN,140)(TIME(I,J),TEMP(I,J),J-1,L)
WRITE(ID,123) NAMRN(I)
WRITE(ID,141)(TIME(I,J), TEMP(I,J) ,J-1,L)
DO 20 J-1,L
TEMP(I,J)-TEMP(I,J)+273.
20 CONTINUE
DO 21 J-1,IL
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
J2-J+1
ETEMP(I,J)-TEMP(I,J2)-TEMP(I,J)
21 ETIME(I,J)-TIME(I,J2)-TIME(I,J)
PEAKT(I)-TEMP(I,1)
DO 22 JJ-1,NUM(I)
22 IF(PEAKT(I).LT.TEMP(I,JJ)) PEAKT(I)-TEMP(I,JJ)
PEAKT(I)-PEAKT(I)-273.
WRITE(ID,121) PEAKT(I)
30 CONTINUE
READ(NIN,110)(PARM(I),I-1,NPAM)
WRITE(ID,111)(PARM(I),I-1,NPAM)
READ(NIN,150) NSIG,EPS,MAXIT
WRITE(ID,150) NSIG,EPS,MAXIT
00 FORMAT(6A4)
10 FORMAT(5E11.3)
11 FORMAT(/,5E11.3)
15 FORMAT(5I4)
20 FORMAT(3I3)
21 FORMAT(' Peak Temperature- ',F7.1,' C')
22 FORMAT(' $$RESCALED TIME-TEMPERATURE HISTORY (IN DEGREE K).')
23 FORMAT(/' Time(sec)-Temperature(C) history of ',A4)
24 FORMAT('TAR %',3X,'W.L.',6X,'RUN #',5X,'TOTAL #')
25 FORMAT( '^ ^^ DIFFERENCE OF EACH TIME STEP.')
26 FORMAT(16(F4.2))
27 FORMAT(10(1X,F6.2))
30 FORMAT(F5.4,3X,F5.4,5X,A4,8X,I2,1X,I2,1X,I2,2X,E10.3)
40 FORMAT(8(F4.2,F5.0))
41 FORMAT(8(F4.2,F5.0)/,8(F4.2,F5.0)/,8(F4.2,F5.0))
50 FORMAT(8X,I2,E10.3,5X,I5)
RETURN
END
C....................... * * ** * ................
SUBROUTINE CFOUT(PARM,NRUNS,NPAM,SSQTAR,SSQWL,SSQ)
IMPLICIT DOUBLE PRECISION (A-H,O-Z)
DIMENSION PARM(10)
COMMON /TMTMP/ TIME(60,42),TEMP(60,42),EXPVL(60),CALVL(60),
1 NUM(60),PEAKT(60),NKK(60)
COMMON /CAL/ WLOST(60),CALWL(60)
COMMON/RESULT/ USC(40),USUMMJ(40),UE(40),UVG(40),UGAS(40),
1 UR1(40),UR2(40),UPB(40),USOLID(40),UAMW(40),
2 UAMETA(40),ugz(25)
C.
COMMON /NAME/NMCMP(2),NAMRN(60),NAMDL(6)
COMMON /CONST/CONST(10),RUNVL(60),ETIME(60,42),WTO,
1 ETEMP(60),WL(60),VOLUM
COMMON /GZ6/ NBER(5),TBER(15)
DATA NOUT/6/
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WRITE(NOUT,100) (NAMDL(I) ,I-1,6)
WRITE(NOUT,110) (NMCMP(I),I-1,2)
WRITE(NOUT,120) (CONST(I),I-1,10)
WRITE(NOUT,116) (TBER(I),I-1,15)
WRITE(NOUT, 130)
DO 10 I-1,NPAM
10 WRITE(NOUT,140)
WRITE(NOUT, 150)
DO 30 I-1,NRUNS
WRITE(NOUT, 160)
30 CONTINUE
WRITE(NOUT,161)
DO 50 I=1,NRUNS
50 WRITE(NOUT,162)
1
161 FORMAT(' NO.
I,PARM(I)
NAMRN(I),PEAKT(I),CALVL(I),EXPVL(I),CALWL(I),
WLOST(I),USC(I),USUMMJ(I),UGAS(I)
NAMRN(I),UE(I),USOLID(I),UR1(I),UR2(I),
UAMW(I),UAMETA(I)
COKE SOLID RI R2 MWV
1 MWL')
162 FORMAT(2X,A4,2(2X,F6.4),2(3X,E10.4),2(3X,F6.1))
WRITE(NOUT,163)
163 FORMAT(//' * : Experimental Results.'/)
WRITE(NOUT,170) SSQTAR,SSQWL,SSQ
100 FORMAT(//15X,'**RESULTS OF COAL PYROLYSIS BEST-FIT ANALYSIS**
1 '//1X,'MODEL NAME: ',6A4)
110 FORMAT(/1X,'COMPONENT EVOLVED: ',2A4)
116 FORMAT(8X,5E12.4/,8X,5E12.4/,8X,5E12.4)
120 FORMAT(/1X,'ASSUMED CONSTANT VALUES: '/8X,5E12.4/8X,5E12.4)
130 FORMAT(//lX,'FINAL PARAMETER VALUES:')
140 FORMAT(lX,'PARAMETER NO. ',I2,':',E15.8)
150 FORMAT(//32X,'**RESULTS OF FIT**',//3X,'NO. 
T (C) TAR
1R* WL WL* UC METAP GAS')
160 FORMAT(2X,A4,2X,F5.0,7(2X,F6.4))
170 FORMAT(//' Standard Error of Tar:',E10.4/,' Standard Error of
1 Weight Loss:',E10.4/,' Standard Error of Tar and Weight Loss:',
2 E10.4)
RETURN
END
C-----------------------------------------------------------------------
SUBROUTINE CMODEL(PARM,NRUNS,NPAM,ETAR)
IMPLICIT DOUBLE PRECISION (A-H,O-Z)
REAL*8 MJ,IE,IG,LAMDA,MWG,IEE,IGI
COMMON/TMTMP/TIME(60,42),TEMP(60,42),EXPVL(60),CALVL(60),
NUM(60) ,PEAKT(60) ,NKK(60)
COMMON/CAL/ WLOST(60),CALWL(60)
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COMMON/RESULT/ USC(40),USUMMJ(40),UE(40),UVG(40),UGAS(40),
UR1(40),UR2(40),UPB(40),USOLID(40),UAMW(40),
UAMETA(40). UOZ(25)
COMMON /CONST/CONST(10),RUNVL(60),ETIME(60,42),WTO,
ETEMP(60,42),WL(60),VOLUM
COMMON /JUDGE/JESUS,IRR,IS
/GZ1/
/GZ2/
/GZ3/
/GZ4/
/GZ5/
/GZ6/
/GZ7/
/GZ8/
H,RG2,RG,U,TZ,SIGMAT,AKGO,EAG,TO,HEMW,MWG,LAMDA
S1(15),S2(15),S3(15),CBAR(15),S4(15),S7(15),S8(15)
CO,C1,C2,C3,C4,C5,C6,C7,C1C,C2C,C3C
IE(3),IG(4),D(4)
MJ(13,15),R(15)
NBER(5),TBER(15)
ISTART(13),IBEGIN(13),IFINAL(13),IEND(13)
F1(13,15),F2(13,15),F3(13,15),F4(13,15),F5(13,15),
F6(13,15),XMJ(13,15)
DIMENSION PARM(10),XMOLE(13),X1MOLE(13),X2MOLE(13),
ETAR(60),DIS(13),DISMW(13)
DIMENSION
DIMENSION
DIMENSION
SMJ(13),PJV(13), DMJV(13),INDEX(13),GEN(13),
ZFMJ(13,15),ZMJ(13,15),FMJ(15),ID4(13,15)
VI(13),V2(13),V3(13),ZV2(13),V4(13),
Wl(13,15),W2(13,15),W3(13),W4(13),W5(13),W6(13),
G1(13,15),G2(13,15),
A1(13,15),A2(13,15),A3(13,15),
BETA1(13),BETA2(13),BO(13),Bl(13),B2(13),
B3(13),B4(13),B5(13),S5(15),PTAR(13),
S6(15),ZGEN(13)
Q3(13),Q5(13),Q6(13),Q7(13),Q11(13),Q12(13),Q13(13),
Q14(13),DMJL(13),DTAR2(13),DUM2(15),DUM3(15),
DUM14(13),DUM1(15)
DIMENSION EGD(13),ZEGD(13),FEG(13),ZFEG(13),ZSMJ(13),SD(13),
1 DMETA(13),DTAR(13),ZSD(13),EWL(60) .zdtar(13)
dimension vxl (13) ,vx2(13), vx3 (13). vx4(13) ,vx5(13). vx6 (13),
1 vx7 (13).vr(13).fvr(13),zfvr(13) , vtard (13)
EQUIVALENCE (FA,CONST(1)),(PA,CONST(2)),(ROC,CONST(3)),
(R10,CONST(4)),(R20,CONST(6))
FK1 (T)=AK10*EXP(-EA1M/RG/T)
FRM(T)-U/(2.5066*SIGMAT)*EXP(- (T-TZ)**2/( 2.*SIGMAT**2))
FCOOL(T)-U693/(2.5066*SIGMAT)*EXP( - (T-TZ)**2/(2.*SIGMAT**2) )*
HRATE
FKG(T)=AKGO*EXP(-EAG/RG/T)
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
366
FK2 (T)-AK20*EXP( -EA2M/RG/T)
C.
fkv(t)-akvO*dexD(-eavI/rgt)
C.
FPJV(WM,T)-PK1*EXP(-PK2*WM**PK3/T)
C.
FMUI(XM)-1350*(1. -XM)**O.333333/(1. -(1. -XM)**0.33333)
C.
FDMJL(T,VIS,WM)-AKDL*T**1.5/(VIS*WM)**0.66667
C.
pmax-tber(15)
rL-parm(1)
ZVOLUM-VOLUM
C
SIGMAS-50.
C
NDIS-13
C
CNTIME-0.002
C
Akl0=Parm(1)
Ealm=Parm(2)
AKDL-TBER(12)
Ak20=Parm ( 3)
Ea2m=Parm(4)
PK1-TBER(8)
PK2-TBER(9)
PK3-TBER(10)
C
ak10-4000.
ealm=17000.
ak20-1.45E4
ea2m=20000.
akv0-parm(2)
eav=parm(3)
C
DATA DISMW/109.,209.,309.,409.,509.,609.,709.,809.,909.,1009.,
1 1109.,1209.,1309/
DATA DIS/.00001,.00256,.00401,.00377,.00286,.00208,.00147,
1 .00125,.00094,.00055,.00029,.00016,.00011/
C
CALL AREA(DISMW,DIS,NDIS,SUM)
DO 15 I-1,NDIS
15 DIS(I)-DIS(I)/SUM
WRITE(7,236) (DIS(K),K-1,NDIS)
C
DO 9000 I-1,NRUNS
C
WLOST(I)-WL(I)
TPEAK-PEAKT(I)+273.
IMALE-0
ISEAL-O
367
ID1-0
IBREAK-0.
IAB-0
IAC-0
NNN-0
MWD-NKK(I)
T5-305.
PTIME5-TBER(13)
VGSTAR-0.03
VG-O.
SC-0.62
PB-PA
PT-0.
PG-0.
GAS-0.
PM-0.
R1-R10
R2-R20
PO-CONST(8)*PA
VOLUMO-4.188790205*R2**3
VOLUM-ZVOLUM
DO 20 K-1,NDIS
EGD(K)-O.
SD(K)-0.
DO 20 J-1,IRR
ID4(K,J)-O
20 MJ(K,J)-0.
TAR-0 .
TAR2-0.
E-0.
CGV=O.
SUMMJ=0.0
T=TEMP(I, 1)
PTIME-TIME(I, 1)
DETIME=TBER(4)
C.
NJ=1
JJ=2
31 JCC-JJ-1
DETEMP-DETIME/ETIME(I,JCC)*ETEMP(I,JCC)
32 PTIME-PTIME+DETIME
33 HRATE-DETEMP/DETIME
C
IF(PTIME.GT.TBER(1)) GO TO 340
34 C5-DETIME/2.
IF(IBREAK.EQ.1) GO TO 5000
CVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVV
ZSUMMJ-SUMMJ
ZSC-SC
ZVG-VG
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ZFC-O.
ZFVG-O.
ZRM-RM
ZPM-PM
IF(IDl.EQ.1) GO TO 2000
ZFM-O.
DO 40 J-1,4
IGI-IG(J)
T-T+D(J) *DETEMP
IF(NJ.NE.1) GO TO 35
GO TO 36
35 IF(J.EQ.1.OR.J.EQ.3) GO TO 37
36 AKl-FK1(T)
AK2-FK2 (T)
AKG-FKG (T)
RM-FRM(T)*HRATE
37 FC1-AK1*SC
FC2--FC1
FVG-AKG* (VGSTAR-VG)
DIFF-RM-FVG
IF(FVG.LT.O.) FVG-0.
IF(DIFF.LT.O.) FVG=RM
FM=-FC1+(RM- FVG) -AK2*SUMMJ
ZFC-=ZFC+IGI*FC2
ZFVG-ZFVG+IGI*FVG
ZFM-ZFM+IGI*FM
IF(J.EQ.4) GO TO 40
IEE=IE(J) *DETIME
SC-ZSC+IEE*FC2
VG-ZVG+IEE*FVG
SUMMJ-ZSUMMJ+IEE*FM
IF(SUMMJ.LT.0) SUMMJ=O.
40 CONTINUE
C
SC-ZSC+ZFC*DETIME
VG-ZVG+ZFVG*DETIME
IF(VG.GT.VGSTAR) VG-VGSTAR
PM-ZPM+C5* (RM+ZRM)
SUMMJ-ZSUMMJ+ZFM*DETIME
IF(SUMMJ.LT.0) SUMMJ-0.
IF(SUMMJ.GT.CONST(5)) ID1-1
IF(ID1.EQ.O) GO TO 301
DO 45 K-1,NDIS
ZBAR=SUMMJ*DIS(K)
SMJ(K)=ZBAR
ZI-ZBAR/VOLUM
DO 44 II-1,IRR
44 MJ(K,II)-ZI
X1MOLE(K)=MJ(K,IRR)/DISMW(K)
45 X2MOLE(K)-MJ(K,1)/DISMW(K)
CALL AREA(DISMW,X1MOLE,NDIS,SMOL1)
CALL AREA(DISMW,X2MOLE,NDIS,SMOL2)
369
C
Q15-T*SMOL2
DO 50 K-1,NDIS
PJV(K)-FPJV(DISMW(K) ,T)
DMJV(K)-DFSVT(DISMW(K) ,T,PA)
PTAR(K)-PJV(K)*X2MOLE(K)/SMOL2
V2(K)-PJV(K)/Q15
50 V3(K)-0.
R(1)-R2
R(IRR)-R1
DO 52 II-2,IS
52 R(II)-S2(II)*(R1-R2)+R2
DR1DT-0.
DR2DT=0.
RB-R2/R1
TC-T
RA-1./R2
Q1-RI-R2
Q2-Q1**2
Q8-R2/3.
Q9-R2/Q1
Q10-O.
VOLUM2-4.188790205*R2**3
ID5-0
ID2-1
GO TO 301
2000 ZE=E
ZGAS-GAS
ZGENG=0.
ZCGV-CGV
ZR1-R1
ZR2-R2
DO 55 K-1,NDIS
ZFEG(K)-0.
ZEGD(K)-EGD(K)
ZV2(K)-V2(K)
DO 55 II-1,IRR
ZFMJ(K,II)=0.
55 ZMJ(K,II)-MJ(K,II)
ZFE=0.
ZFCGV=0.
ZDR1DT=0.
ZDR2DT-0.
C.
DO 8000 J=1,4
IGI-IG(J)
T-T+D(J)*DETEMP
IF(J.EQ.1.OR.J.EQ.3) GO TO 60
AK1-FK1(T)
AKG-FKG (T)
RM-FRM(T)*DMAX1(HRATE, 0. DO)
370
C
60 FC1-AK1*SC
FC2--FC1
FVG-AKG* (VGSTAR-VG)
DIFF-RM- FVG
IF(DIFF.LT.0.) FVG-RM
460 ZFC-ZFC+IGI*FC2
ZFVG-ZFVG+IGI*FVG
C -----------------------------------------
IF(J.EQ.4) GO TO 62
IEE-IE(J)*DETIME
SC-ZSC+IEE*FC2
VG-ZVG+IEE*FVG
IF(VG.GT.VGSTAR) VG-VGSTAR
IF(ID2.NE.1) GO TO 61
ID2=2
GO TO 62
c---------------------------------------
61 IF(J.EQ.1.OR.J.EQ.3) GO TO 65
62 AK2-FK2(T)
DO 63 K=1,NDIS
PJV(K)-FPJV(DISMW(K),T)
63 DMJV(K)-DFSVT(DISMW(K),T,PA)
Q4-C2*T
c---------------------------------------
65 VIS-FMUI(SUMMJ)
DO 66 K-1,NDIS
DMJL(K)-FDMJL(T,VIS, DISMW(K))
IF(DMJL(K).GT.TBER(2)) DMJL(K)-TBER(2)
66 Q5(K)-Q4*DMJL(K)
C--------------------------------------------------
SCND=AK2*SUMMJ
GENG=SCND*C4
FE-SCND*C6
ZGENG=ZGENG+IGI*GENG
ZFE-ZFE+IGI*FE
C
DO 67 K=1,NDIS
FEG(K)=AK2*SMJ(K)
67 ZFEG(K)-ZFEG(K)+IGI*FEG(K)
C-----------------------------------------------
IF(ISEAL.EQ.0) GO TO 68
RA=1/R2
RB=R2/R1
DR2DT-((PB-PA)*1.01325E+06*R2-2.*SIGMAS*(1.+RB))/4.
1 /VIS/(1.-RB**3)
IF(DR2DT.LT.O.) DR2DT-0.
DR1DT-RB**2*DR2DT
ZDR1DT-ZDR1DT+IGI*DR1DT
ZDR2DT-ZDR2DT+IGI*DR2DT
C----------------------------------------------------
68 IF(J.EQ.1) GO TO 71
371
Q15-T*SMOL2
DO 70 K-1,NDIS
V2(K)-PJV(K)/Q15
V3(K)-(V2(K)-ZV2(K))/C5
IF(J.EQ.2) GO TO 70
ZV2(K)-V2(K)
70 CONTINUE
C--------------------------------------------------
71 GENG2-GENG+FVG
FCGV-GENG2/(1.+CONST(7)/RB)
ZFCGV-ZFCGV+IGI*FCGV
C-------------------------------------------------
IF(ISEAL.EQ.O) GO TO 72
Q1-R1-R2
Q2-Q1**2
Q8=R2/3.
Q9-R2/Q1
Q10-DR1DT-DR2DT
VOLUM1-4.188790205*R1**3
VOLUM2-4.188790205*R2**3
VOLUM-VOLUM1 -VOLUM2
C-------------------------------------------
72 GEN1-FC1+RM-FVG
GEN2-GEN1/VOLUM
DO 75 K-1,NDIS
75 GEN(K)-GEN2*DIS(K)
DO 80 K-1,NDIS
Q3(K)=DMJL(K)/Q2
IF(SMOL2.EQ.O.) GO TO 80
Q6(K)-Q5(K)*SMOL2
Qll(K)-Q8/Q6(K)
Q12(K)-Q8/C2/DMJL(K)
Q13(K)-DR2DT/Q6(K)
IF(SMOL1.EQ.O.) GO TO 80
Q7(K)=Q5(K)*SMOL1
Q14(K)-Q1/R1/Q7(K)
80 CONTINUE
C-----------------------------------------------------------
DO 85 II-1,IRR
S5(II)-S4(II)+S3(II)*2./(S2(II)+Q9)
S6(II)-S3(II)/Q1*((1.-(R2/R(II))**2)*DR2DT+S2(II)*QI0)
DO 85 K-1,NDIS
IF(ID4(K,IRR).EQ.1) GO TO 85
W1(K,II)-Q3(K)*S7(II)
G1(K,II)=C1C*WI(K,II)
W2(K,II)-Q3(K)*S5(II)+S6(II)
G2(K,II)-C2C*W2(K,II)
A1(K,II)-Gl(K,II)-G2(K,II)
A2(K,II)-2.*G1(K,II)+AK2
A3(K,II)-Gl(K,II)+G2(K,II)
85 CONTINUE
c-------------------------------------------------------
372
DO 90 K-1,NDIS
BO(K)-C3C*AI(K,1)
BETAI(K)-Qll(K)*PJV(K)
VI(K)-1.+BETA1(K)*DR2DT
BETA2(K)-Q12(K)*V3(K)+PJV(K)*Q13(K)
V4(K)-V1(K)*S3(1)
W3(K)-BETA1(K)*Q1/V4(K)
W4(K)-BETA2(K)*Q1/V4(K)
B1(K)-1.+W3(K)*BO(K)
B2(K)-2.*W1(K,1)*C1C/Bl(K)
B3(K)-(W4(K)*BO(K)+A2(K,I))/BI(K)
GO TO 89
88 IF(ID4(K,1).EQ.1) GO TO 90
W6(K)-DMJV(K)*PJV(K)/Q6(K)/Q9/S3(1)
B5(K)-C3C*W6(K)*A3(K,1)+A2(K,1)
89 IF(ID4(K,IRR).EQ.1) GO TO 90
W5(K)=-DMJV(K)*PJV(K)*Q14(K)/S3(IRR)
B4(K)-C3C*A3(K,IRR)*W5(K)-A2(K,IRR)
90 CONTINUE
C.----------------------------------------------------
91 DO 100 K-1,NDIS
FMJ(1)-B2 (K)*MJ (K, 2)-B3(K)*MJ (K,1)+GEN(K)/B1(K)
DO 93 II-2,IS
IJ1-II-1
IJ2-II+1
93 FMJ(II)-Al(K,II)*MJ(K,IJ1)-A2(KII)*MJ(K,II)
1 +A3(K,II)*MJ(K,IJ2)+GEN(K)
FMJ(IRR)-2 .*G1(K, IRR)*MJ(K, IS)+B4(K)*MJ(K, IRR)+GEN(K)
DO 95 II-1,IRR
95 ZFMJ(K,II)-ZFMJ(K,II)+IGI*FMJ(II)
C----------------------------------------------------------------
97 IF(J.EQ.4) GO TO 100
IEE=IE(J)*DETIME
DO 99 II-1,IRR
IF(ID4(K,II).EQ.1) GO TO 98
MJ(K,II)-ZMJ(K,II)+IEE*FMJ(II)
IF(MJ(K,II).GE.O.) GO TO 99
ID4(K,II)-I
98 MJ(K,II)-O.
99 CONTINUE
IF(MJ(K,1).GT.MJ(K,2)) MJ(K,1)-MJ(K,2)
100 CONTINUE
C.-------------------------------------------------
IF(J.EQ.4) GO TO 8000
IEE-IE(J)*DETIME
IF(ISEAL.EQ.0) GO TO 101
R1-ZRI+IEE*ZDR1DT
R2-ZR2+IEE*ZDR2DT
R(1)-R2
R(IRR)-R1
DO 102 II-2,IS
102 R(II)=S2(II)*(R1-R2)+R2
373
C---------------------------------------
101 DO 103 K-1,NDIS
103 CALL ALLMJ(IRR,NDIS,K,SMJ)
CALL AREA(DISMW,SMJ,NDIS,SUMMJ)
DO 104 K-1,NDIS
WM-DISMW(K)
X1MOLE(K)-MJ(K,IRR)/WM
104 X2MOLE(K)-MJ(K,1)/WM
CALL AREA(DISMW,X1MOLE,NDIS,SMOL1)
CALL AREA(DISMW,X2MOLE,NDIS,SMOL2)
C---------------------------------------------------
CGV-ZCGV+IEE*FCGV
PG-CGV*Q4/C7/R2**3
DO 105 K-1,NDIS
PTAR(K)-PJV(K)*X2MOLE(K)/SMOL2
105 CONTINUE
CALL AREA(DISMW,PTAR,NDIS,PT)
C
pair-=0*volum0/volum2*t/tc
pb=ig+pt+dmaxl (pair,pmax)
Pb=Pg+Pt+PO*Volum0/Volum2*T/Tc
IF(PB.LT.PA) PB=PA
8000 CONTINUE
SC=ZSC+ZFC*DETIME
VG-ZVG+ZFVG*DETIME
IF(VG.GT.VGSTAR) VG-VGSTAR
C
DO 110 K-1,NDIS
DO 109 II=1,IRR
IF(ID4(K,II).EQ.1) GO TO 108
MJ(K,II)-ZMJ(K,II)+ZFMJ(K,II)*DETIME
IF(MJ(K,II).GE.0) GO TO 109
ID4(K,II)=1
108 MJ(K,II)-O.
109 CONTINUE
IF(MJ(K,1).GT.MJ(K,2)) MJ(K,1)-MJ(K,2)
110 CONTINUE
C----------------------------------------
120 IF(ISEAL.EQ.0) GO TO 126
R1-ZR1+ZDR1DT*DETIME
R2-ZR2+ZDR2DT*DETIME
RATIO-RI/R10
R(1)-R2
R(IRR)-R1
DO 125 II-2,IS
125 R(II)-S2(II)*(R1-R2)+R2
c ----------------------------------------------------
126 DO 128 K-1,NDIS
128 CALL ALLMJ(IRR,NDIS,K,SMJ)
CALL AREA(DISMW,SMJ,NDIS,SUMMJ)
SCND-AK2*SUMMJ
374
C .. .. .. . . . . . . . .. .. . .. . .. . . . . . ... . .. .. . .. .. . . . . . . .. . ..
130 DO 132 K-1,NDIS
WM-DISMW(K)
X1MOLE(K)-MJ(K,IRR)/WM
132 X2MOLE(K)-MJ(K,1)/WM
CALL AREA(DISMW,XlMOLE,NDIS,SMOLl)
CALL AREA(DISMW,X2MOLE,NDIS,SMOL2)
C--------------------------------------.
C IF(ISEAL.EQ.0) GO TO 136
CGV-ZCGV+ZFCGV*DETIME
PG-CGV*Q4/C7/R2**3
Q20-4.188790205*R2**3/Q4
Q15-T*SMOL2
DO 135 K-1,NDIS
V2(K)-PJV(K)/Q15
PTAR(K)-PJV(K)*X2MOLE(K)/SMOL2
135 DTAR2(K)-PTAR(K)*DISMW(K)*Q20
CALL AREA(DISMW,PTAR,NDIS,PT)
CALL AREA(DISMW,DTAR2,NDIS,TARB)
pair-p0*volumO/volum2*t/tc
pb-jp+p t+dmaxl (pair, pmax)
Pb=Pg+Pt+PO*VolumO/Volum2*T/Tc
IF(ISEAL.EQ.1) GO TO 1130
IF(SUMMJ.LT.TBER(7)) GO TO 136
TC-T
C
C-
ISEAL-1
PO-PA-PT-PG
IF(PO.LT.O.) PO-0.
IF(PO.EQ.0..AND.PA.LT.l.E-01) CGV-0.
IF(CGV.EQ.0.) PB-PT
WRITE(7,2214)
2214 FORMAT(/' The Single Central Bubble Starts Expanding.')
WRITE(7,214) T,SUMMJ,PO, PT,PG
214 FORMAT(' T=',F5.1,' SUMMJ-',F7.5,' PO=',E10.4,' PT-',E1
1 ,' PG-',E10.4)
1130 IF(PB.LT.PA) PB=PA
++++++++, I I •, -+++++++++++++++++,++++++++++++++++++++++++++
136 E=ZE+ZFE*DETIME
GAS-ZGAS+ZGENG*DETIME
PM-ZPM+C5* (RM+ZRM)
DO 137 K-1,NDIS
137 EGD(K)-ZEGD(K)+ZFEG(K)*DETIME
+++++++++++++++++++++++++++++++++++ ++++++++++++++++ + +++
IF((Rl-R2).GT.TBER(5)) GO TO 3000
DETIME-CNTIME
FS-0.
ICOOL-0.
SOLID-O.
TARMAX-0 .
IBREAK-1
GENG-ZGENG
FE-ZFE
0.4
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akv-fkv(t)
g40-1. /rL
q41-rL- rl
g42-1 ./r2
g43-rL- r2
g44-rL/rl
wout-1.-fa-sc-u+pm-vg
DO 138 K-1,NDIS
dtar(k)-wout*dis (k -sm 1(k) - egd(k)
if(dtar(k) .t.0.) dtar(k)-0.
vtard(k)-dtar(k)
fvr(k)-O.
vxl (k)-akv/dmiv (k)
vx2(k)-dsqrt(vx1(k))
vx3 (k)-q42+vx2 (k)/dtanh (vx2 (k)*q43)
vx4(k)-g40+vx2(k)/dtanh (vx2(k)*q41)
138 FEG(K)-ZFEG(K)
Q1=R1-R2
Q2-Q1**2
Q8-R2/3.
Q9-R2/Q1
Q30=0.
IF(PM.GT.U) PM=U
WLEFT-SC+FA+U-PM+E+SUMMJ-0.02
WLEFT2-WLEFT
DT1-1./DETIME
R1CUB-R1**3
R2CUB-R2**3
VOLUM1-4.188790205*R1CUB
VOLUM2-4.188790205*R2CUB
VOLUM=VOLUM1- VOLUM2
VCUB-R1CUB-R2CUB
C
D1D-0.5*C1C
D2D-0.5*C2C
DUM10-1./C2/S3(1)
IF(SMOL1.EQ.O.) GO TO 140
DUM12-1./C2/S3(IRR)
140 DO 150 K-1,NDIS
DUM14(K)a-DMJV(K)*PJV(K)/DMJL(K)
ISTART(K)=1
IBEGIN(K)=2
IF(ID4(K,IRR).EQ.1) GO TO 147
IFINAL(K)=IRR
GO TO 148
147 IFINAL(K)=IS
148 IEND(K)-IS
150 CONTINUE
A AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
WRITE(7,2213)
2213 FORMAT(/' Bubble-Rupture Occurs.')
WRITE(7,213) T,PTIME,SC,SUMMJ,PM,E,GAS ,VG,TAR,
376
1 R1,R2,PB,PT,PG,PO
213 FORMAT(2X,F6.1,2X,F6.3,3(2X,F6.4)/,4(2X,F6.4)/,2X,E10.4,
1 5(1X,E10.4))
C WRITE(7,3237)
C 3237 FORMAT(/' Metaplast Concentration at the Bubble-Rupture:')
C DO 151 K-1,NDIS,2
C 151 WRITE(7,211) K,(MJ(K,II),II-1,IRR)
211 FORMAT(' K-',I2,6(2X,E9.3)/,5X,6(2X,E9.3)/,5X,6(2X,E9.3))
C WRITE(7,3238)
C 3238 FORMAT('---- Grid Points inside the Shell at the Bubble-Rupture
C 1 ----=')
C WRITE(7,236) (R(II),II-I,IRR)
C WRITE(7,3236)
GO TO 3000
C++++++++-+++++++++I-+++++++++++ +++++-+++++++I+ +l ,+++++++++
5000 ZSC-SC
ZPM-PM
ZRM-RM
ZE-E
ZGAS-GAS
ZFC-O.
ZR2-R2
C-------------------------------
ZGENG-GENG
ZFE-FE
HAK2-DT1-AK2/2.
DO 258 II-1,IRR
DUM2(II)-S7(II)/Q2
DUM3(II)-(S4(II)÷2.*S3)+2.*S3(II)/(S2(II)+Q9))/Q2
258 DUMI(II)-(1.-S2(II)-(R2/R(II))**2)*Q30
C-------------------------------------
DO 260 K-1,NDIS
zdtar(k)-dtar(k)
ZFEG(K)-FEG(K)
ZEGD(K)-EGD(K)
ZGEN(K)-GEN(K)
DO,260 II-ISTART(K),IFINAL(K)
WI(K,II)-DMJL(K)*DUM2(II)
W2(K,II)-DMJL(K)*DUM3(II)+DUMl(II)
DUM4=W1(K,II)*D1D
DUM5--W2(K,II)*D2D
F4(K,II)-DUM4+DUM5
F5(K,I,=--2.*DUM4+HAK2
260 F6(K,II)-DUM4-DUM5
IF(SMOL2.LT.l.E-20) GO TO 252
ZT-T
DUM19-DUM10/Q9/SMOL2/T
IF(SMOL1.EQ.0.) GO TO 255
DUM20-DUM12*Ql/T/SMOLI/Rl
255 DO 257 K-1,NDIS
IF(ISTART(K).NE.1) GO TO 257
vx6(k)-duml9*vx3(k)
377
w6(k)-duml4(k)*vx6(k)
W6(k)-Duml4(k)*Duml9
F5(K,1)-F5(K,1) 
-C3C*W6(K)*F4 (K, 1)
F6(K,1)-F6(K,1)+F4(K,1)
IF(IFINAL(K).NE.IRR) GO TO 257
vx5 (k)-dum20*vx4 (k)
w5 (k)--duml4(k)*vx5 (k)
W5 (k)--Duml4(k)*Dum20
F4(K,IRR)-F4(K,IRR)+F6(K,IRR)
F5(K,IRR)-F5(K,IRR)+C3C*W5(K)*F6(K, IRR)
257 CONTINUE
C---------------------------------------------
IF(IMALE.EQ.1) GO TO 2267
DO 265 J-1,4
T-T+D(J) *DETEMP
IF(J.EQ.1.OR.J.EQ.3) GO TO 263
AK1-FK1(T)
FC1-AK1*SC
ZFC-ZFC-IG(J)*FC1
IF(J.EQ.4) GO TO 265
SC-ZSC - IE(J)*DETIME*FC1
IF(SC.LT.O.) SC-0.
CONTINUE
SC-ZSC+ZFC*DETIME
IF(SC.GT.O.) GO TO 268
SC-O.
DO 267 K-1,NDIS
GEN(K)-O.
GO TO 2267
IF(PM.LT.U) GO TO 270
GEN2--ZFC/VOLUM
GO TO 2267
RM-FRM(T)*DMAX1(HRATE, O. DO)
PM-ZPM+C5*(RM+ZRM)
GEN2- ( - ZFC+RM)/VOLUM
IF(HRATE.LT.0..AND.T.LT.693.) GO TO 2268
GO TO 2271
IF(ICOOL.EQ.1) GO TO 261
ICOOL-1
U693-SUMMJ
ZFS-FS
ZSOLID-SOLID
FS--FCOOL(T)
ZMETA-SUMMJ
IF(SC.GT.O.) GO TO 271
IF(IMALE.EQ.1) GO TO 280
IMALE=1
GO TO 281
DO 275 K-1,NDIS
GEN(K)-GEN2*DIS(K)
GO TO 281
T-T+DETEMP
252
263
265
267
268
270
2267
2268
261
2271
269
271
275
280
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281 AK2-FK2(T)
akv-fkv(t)
vxO-akv
HAK2-AK2/2. +DT1
VIS-FMUI(SUMMJ)
IF(SMOL2.LT.1.OE-20) GO TO 286
TRATIO-TZ/T
DUM19-DUM19*TRATIO
285 IF(SMOL1.LT.1.OE-20) GO TO 286
DUM20-DUM20*TRATIO
286 DO 290 K-1,NDIS
WM-DISMW(K)
DMJL(K)-FDMJL(T,VIS,WM)
dmyiv(k)-dfsvt (wm, t,pa)
vxl (k)-vxO/dm iv(k)
vx2 (k)-dsqrt (vxl (k))
vx7(k)-vx2 (k)*q41
vx4 (k)-q40+vx2 (k) /dtanh (vx7 (k))
IF(ISTART(K).NE.1) GO TO 290
DMJV(K)-DFSVT(WM,T, PA)
PJV(K)-FPJV(WM,T)
DUM14(K)-DMJV(K)*PJV(K)/DMJL(K)
vx3 (k)-q42+vx2 (k)/dtanh (vx2 (k)*q43)
vx6 (k)-duml9*vx3 (k)
w6(k)-duml4(k)*vx6(k)
W6 (K) -Duml 4 (K) *Duml 9
IF(IFINAL(K).NE.IRR) GO TO 290
vx5 (k)-dum2O*vx4 (k)
W5 (K)=-Duml4(K)*Dum2O
290 CONTINUE
C..---------------------------
DO 298 K-1,NDIS
TGEN=0.5*(GEN(K)+ZGEN(K))
DO 296 II-ISTART(K),IFINAL(K)
W1(K,II)-DMJL(K)*DUM2(II)
W2(K,II)-DMJL(K)*DUM3(II)+DUM1(II)
DUM4--W1(K,II)*D1D
DUM5-W2(K,II)*D2D
F1(K,II)-DUM4+DUM5
F2(K,II)--DUM4*2.+HAK2
296 F3(K,II)-DUM4-DUM5
IF(ISTART(K).NE.1) GO TO 293
F2(K,1)F2(K,1) 
-C3C*W6(K)*F(K, 1)
F3(K,1)-F3(K,1)+Fl(K,1)
F4(K,1)-F5 (K,1)*MJ(K,1)+F6(K,1)*MJ(K,2)+TGEN
IF(IFINAL(K).NE.IRR) GO TO 293
F1(K,IRR)-Fl(K,IRR)+F3(K,IRR)
F2(K,IRR)-F2(K,IRR)+C3C*W5(K)*F3(K,IRR)
F4(K,IRR)-F4(K,IRR)*MJ(K,IRR-1)+F5(K,IRR)*MJ(K,IRR)+TGEN
293 DO 294 II-IBEGIN(K),IEND(K)
294 F4(K,II)-F4(K,II)*MJ(K,II-1)+F5(K,II)*MJ(K,II)+F6(K,II)*
MJ(K.II+1)+TGEN
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298 CONTINUE
299 CALL TRIDIG(NDIS,IRR)
DO 362 K-1,NDIS
362 CALL ALLMJ(IRR,NDIS,K,SMJ)
CALL AREA(DISMW,SMJ,NDIS,SUMMJ)
363 IF(SMOL2.LT.1.OE-20) GO TO 370
DO 365 K-1,NDIS
365 X2MOLE(K)-MJ(K,1)/DISMW(K)
CALL AREA(DISMW,X2MOLE,NDIS,SMOL2)
IF(SMOL1.LT.1.OE-20) GO TO 370
DO 367 K-1,NDIS
367 X1MOLE(K)-MJ(K,1)/DISMW(K)
CALL AREA(DISMW,X1MOLE,NDIS,SMOLl)
370 CONTINUE
SCND-AK2*SUMMJ
GENG-SCND*C4
FE-SCND*C6
GAS-ZGAS+C5*(GENG+ZGENG)
E-ZE+C5*(FE+ZFE)
DO 373 K-1,NDIS
FEG(K)-AK2*SMJ(K)
373 EGD(K)-ZEGD(K)+C5*(FEG(K)+ZFEG(K))
IF(ICOOL.EQ.0) GO TO 371
DSOLID-C5*(FS+ZFS)
SOLID-ZSOLID+DSOLID
SRATIO-1.-DSOLID/ZMETA
DO 375 K-1,NDIS
DO 375 II-1,IRR
375 MJ(K,II)-MJ(K,II)*SRATIO
DO 376 K=1,NDIS
ZSD(K)-SD(K)
ZSMJ(K)-SMJ(K)
CALL ALLMJ(IRR,NDIS,K,SMJ)
376 SD(K)-ZSMJ(K)-SMJ(K)+ZSD(K)
CALL AREA(DISMW,SMJ,NDIS,SUMMJ)
C
371 WLEFT2-FA+SC+U-PM+E+SUMMJ+SOLID-0.02
WFR-WLEFT2/WLEFT
R2-(-WFR*VCUB+R1CUB)**0.333333333333333333333
Q1-RI-R2
Q2-Q1**2
Q9-R2/Q1
DR2DT-(R2-ZR2)/DETIME
VOLUM=4.188790205*(R1CUB-R2**3)
Q30=DR2DT/Q1
R(1)-R2
DO 372 II=2,IS
372 R(II)=S2(II)*Q1+R2
42-1 ./r2
q43-rL-r2
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C+++++++++++++++-.+++++++++++++++++++++++++++++++++-i- ++++++++++;
3000 CONTINUE
IF(IBREAK.EQ.O) GO TO 170
ZTAR-TAR
Tar-1.-Wleft2-Vg-Gas-0.02
zdeta-deta
xtar-. -wleft2-vg-gas-0.02
wout-1.-fa-sc-u+pm-vg
do 321 k-1 ndis
dtar(k)-wout*dis(k)-sm (k)-egd(k)-sd(k)
if(dtar(k).lt.0.) dtar(k)-O.
vr(k)-(dtar(k)-zdtar(k))/detime
zfvr(k)-fvr(k)
fvr(k)-vr(k)*g44*vx2(k)/vx4(k) /dsinh(vx7(k))
321 vtard(k)-vtard(k)+c5*(fvr(k)+zfvr(k))
call area(dismw.vtard.ndis.tar)
deta-xtar- tar
fdeta-(deta-zdeta)/detime
FTAR-(TAR- ZTAR)/DETIME
SWL-1.-WLEFT2
IF(ABS(T-TPEAK).GT.0.0) GO TO 933
WRITE(7,931)
931 FORMAT(' At Peak Temperature, Tar, Wls, Gas, E, Summj, Sc
1 are:,'"
WRITE(7,932) T,TPEAK,TAR,SWL,GAS,E,SUMMJ,SC
932 FORMAT(5X,2(1X,F6.1),6(2X,F6.4))
933 GO TO 175
170 ZTAR-TAR
TAR-i. -FA-SC-U+PM-E-SUMMJ-VG-GAS-TARB
FTAR-(TAR-ZTAR)/DETIME
IF(TARMAX.LT.TAR) TARMAX-TAR
221 FORMAT('##-',F7.1,1X,3(1X,F7.4),2X,3(E10.4,1X))
223 FORMAT(6(1X,E11.5))
222 FORMAT('$$-',3(1X,F7.4))
175 IF(SUMMJ.LT.O.005) GO TO 340
C.
301 CONTINUE
IF(PTIME.LT.PTIME5) GO TO 310
PTIMES-PTIME5+TBER(11)
902 CONTINUE
XMW-O .
SDMETA-0.
DO 921 K=1,NDIS
PLUS-SMJ(K)+SD(K)
DMETA(K)-PLUS
SDMETA-SDMETA+PLUS
921 XMW-XMW+PLUS/DISMW(K)
AMETA-SDMETA/XMW
CALL AREA(DISMW,DMETA,NDIS,TOM)
DO 929 K=1,NDIS
929 DMETA(K)-DMETA(K)/TOM
WRITE(7,2235) T,PTIME,TAR,WLEFT2
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2235 FORMAT(/' Temp.-',F6.1,' K,',' Time-',F6.3,' Sec',' Tar-',
1 F6.4,' W.Left-',F6.4)
WRITE(7,521) PB,PG,PT,RATIO
521 FORMAT(' PB-',F8.4,' PG-',F8.4,' PT-',F8.4,' RATIO-',F5.3)
WRITE(7,235) SC,SUMMJ, PM,SOLID,E,GAS ,VG
235 FORMAT(5(2X,F6.4)/,2(2X,F6.3))
C WRITE(7,1236)
1236 FORMAT(/' Metaplast Distribution in terms of M.W.')
C WRITE(7,236) (DMETA(K),K-1,NDIS)
236 FORMAT(5(1X,E12.6))
DO 321 K-1,NDIS
321 DTAR(K)-(1.-FA-SC-U+PM-VG)*DIS(K)-SMJ(K)-EGD(K)-SD(K)
CALL AREA(DISMW,EGD,NDIS,EG)
CALL AREA(DISMW,DTAR,NDIS ,YTAR)
WRITE(7,237) EG,YTAR,VIS,VG
237 FORMAT(/' EG-',F7.4,' YTAR-',F7.4,' VIS-',E10.4,' VG-',F7.4)
SMW-O.
SDTAR-O.
DO 922 K-1,NDIS
SDTAR-SDTAR+DTAR(K)
922 SMW-SMW+DTAR(K)/DISMW(K)
AVMW-SDTAR/SMW
WRITE(7,1237)
1237 FORMAT(/' Tar Distribution in terms of M.W.')
WRITE(7,236) (DTAR(K) ,K-1,NDIS)
WRITE(7,1238) FTAR,ZFC,SCND,RM
1238 FORMAT(/,' Ftar-',E11.4,' Zfc-',E11.4,' Scnd-',E11.4,
1 ' RM-',E11.4)
WRITE(7,1241) AVMW,AMETA
1241 FORMAT(/' Average Molecular Weight of'/,' Tar- ',F6.1,
1 ' Metaplast- ',F6.1)
C WRITE(7,3234)
3234 FORMAT(/' Metaplast Concentration in LoglO')
DO 3233 K-1,NDIS,2
DO 3233 II-1,IRR
IF(MJ(K,II).NE.O.) GO TO 3232
XMJ(K, II)-O.
GO TO 3233
3232 XMJ(K,II)-DLOG10(MJ(K,II))
3233 CONTINUE
DO 3235 K-1,NDIS,2
3235 WRITE(7,323) K,(XMJ(K,II),II-1,IRR)
323 FORMAT(' K-',12,6(2X,F9.4)/,5X,6(2X,F9.4)/,5X,6(2X,F9.4))
C WRITE(7,3236)
3236 FORMAT(' .==-======-=- =P..)---==---------- )
WRITE(7,236) (R(II),II-1,IRR)
WRITE(7,3236)
WRITE(7,1239)
1239 FORMAT(/' Effective Diffusivity')
WRITE(7,236) (DMJL(K),K=1,NDIS)
IF(NNN.EQ.1) GO TO 350
310 STIME-TIME(I,JJ)-PTIME
382
IF(IAC.EQ.1) GO TO 311
IF(IAB.EQ.O) GO TO 312
IAC-1
DETIME-CNTIME
DT1-1./DETIME
IF(STIME.GE.DETIME) GO TO 319
T-TEMP(I,JJ)
JJ-JJ+1
319 NJ-NJ+1
GO TO 31
312 IF(IBREAK.EQ.0) GO TO 311
IAB-1
RTIME-STIME-DETIME
IF(RTIME) 315,315,317
315 DETIME-STIME
DETEMP-TEMP(I,JJ)-T
GO TO 532
317 DETIME-DMOD(STIME,DETIME)
DETEMP-DETIME/ETIME(I,JCC)*ETEMP(I,JCC)
532 DT1-1./DETIME
NJ-NJ+l
GO TO 32
311 IF(STIME.GE.DETIME) GO TO 330
T-TEMP(I,JJ)
JJ-JJ+1
IF(JJ.GT.NUM(I)) GO TO 340
NJ-NJ+1
GO TO 31
C
330 NJ-NJ+1
GO TO 32
C.
340 CONTINUE
NNN-1
WRITE(7,901)
901 FORMAT(//'************** FINAL DETAILED RESULTS ******')
GO TO 902
C
350 CALVL(I)-TAR
CALWL(I)-1. -WLEFT2
ETAR(I)-CALVL(I) -EXPVL(I)
EWL(I)-CALWL(I) -WLOST(I)
dwl-xwl-wlost(I)
if(dwl.gt.O.) go to 339qz-O.
calwl(i)-swl
gas3-deta
go to 341
339 qz-(dwl/deta)/(1.-dwl/deta)
calwl (i )-wlost(i)
gas3-deta/(l . +qz)
341 uqz(i)-qz
383
C
9111 USC(I)-SC
USUMMJ(I)-SUMMJ
UVG(I)-VG
UGAS(I)-GAS
UE(I)-E
UR1(I)-Rl
UR2(I)-R2
UPB(I)-PB
USOLID(I)-SOLID
UAMW (I)-AVMW
UAMETA(I)-AMETA
Totalg-Vg+Gas+0.02
total -vg+gas+0. 02+gas3
WRITE(7,1240)
1240 FORMAT(/' Final Result:')
WRITE(7,221) T,SC,SOLID,R1,R2,TARMAX
WRITE(7,223) SUMMJ,PM,E,GAS,VG,TARB
WRITE(7,223) PB,PG,PT,PO
WRITE(7,222) TAR,TOTALG,WLEFT2, PTIME
write(7,620) deta,xwl ,calwl(i),xtar
620 format(' deta-',6(lx,elO.4))
9000 CONTINUE
C
IF(NRUNS.LE.NPAM) GO TO 9989
SETAR-0.
SEWL-O.
DO 380 J-1,NRUNS
SETAR-SETAR-ETAR(J)**2
380 SEWL-SEWL+EWL(J)**2
ZSQTAR-(SETAR/(NRUNS-NPAM))**0.5
ZSQWL-(SEWL/(NRUNS-NPAM))**0.5
ZSQ-((SETAR+SEWL)/(2.*NRUNS-NPAM) )**0.5
249 FORMAT(' No of Passing Through CMODEL - ',14)
9989 CALL CFOUT(PARM,NRUNS,NPAM,ZSQTAR,ZSQWL,ZSQ)
9990 CONTINUE
STOP
9999 CONTINUE
RETURN
END
C.---------------------------------------------------------------------
SUBROUTINE TRIDIG(NDIS,IRR)
IMPLICIT DOUBLE PRECISION (A-H,O-Z)
REAL*8 MJ
COMMON /GZ7/ ISTART(13),IBEGIN(13),IFINAL(13),IEND(13)
COMMON /GZ8/ Fl(13,15),F2(13,15),F3(13,15),F4(13,15),
1 F5(13,15),F6(13,15)
COMMON /GZ5/ MJ(13,15),R(15)
C
DIMENSION BETA(15),GAMMA(15)
C
DO 100 K=1,NDIS
384
10 IF-ISTART(K)
L-IFINAL(K)
BETA(IF)-F2(K,IF)
GAMMA(IF)-F4(K,IF)/BETA(IF)
IFP1-IF+1
DO 1 I-IFP1,L
INEG-I-1
BETA(I)-F2(K,I)-Fl(K,I)*F3(K,INEG)/BETA(INEG)
GAMMA(I)-(F4(K,I)-Fl(K,I)*GAMMA(INEG))/BETA(I)
1 CONTINUE
MJ(K, L)-GAMMA(L)
LAST-L- IF
DO 2 KK-1,LAST
I-L-KK
2 MJ(K,I)-GAMMA(I)-F3(K,I)*MJ(K,I+1)/BETA(I)
IF(MJ(K,IF).GT.1.E-20.AND.MJ(K,L).GT.1.E-20) GO TO 100
IF(MJ(K,IF).GT.1.E-20) GO TO 90
I START(K)-I START(K)+1
IBEGIN(K)-ISTART(K)
MJ(K,IF)-0.
IF(MJ(K,L).GT.1.E-20) GO TO 10
90 IFINAL(K)-IFINAL(K)-1
IEND(K)-IFINAL(K)
MJ(K,L)-O.
GO TO 10
100 CONTINUE
RETURN
END
C++++++ +•+ ++l..1 .I++++++++++++++++++ ++++++ +++++++++++++++
FUNCTION DFSVT(AMW,TEMP,PRESS)
IMPLICIT DOUBLE PRECISION (A-H,O-Z)
OMEGA(X)-0.001615*X**2-0.054152*X+1.1011
C.
RTTOM=AMW/984.
A1-6.5693E5*RTTOM
A2-1.8857E5/RTTOM
A23-A1+A2+4.843E4
A-A23**1.5
B34-240.48*RTTOM+80.4/RTTOM+17.1
B-B34**1.3333
C.
EPSK=369.26*B/A
EPSK-SQRT(EPSK/10.22)
C.
TOP-OMEGA(EPSK*300)
BOT=OMEGA(EPSK*TEMP)
TC-TOP/BOT
ATOP-SQRT(1./AMW+0.24984)
ABOT=((1.183*AMW)**0.33333+1.4228)**2
DFSVT=0.0041618*(TEMP**1.5)*ATOP*TC/(PRESS*ABOT)
RETURN
END
385
C-------------------------------------------------------------------
SUBROUTINE AREA(DISMW,DIS,NDIS,SUM)
IMPLICIT DOUBLE PRECISION (A-H,O-Z)
DIMENSION DISMW(NDIS),DIS(NDIS)
SUM-0.
II-NDIS-1
DO 10 1-2,11,2
Y-DIS(I-1)+4.*DIS(I)+DIS(I+1)
Y-Y*(DISMW(I)-DISMW(I-1))
10 SUM-SUM+Y
SUM-SUM/3.
RETURN
END
C-----------------------------------------------------------------------
SUBROUTINE ALLMJ(IRR,NDIS,K,SMJ)
IMPLICIT DOUBLE PRECISION (A-H,O-Z)
REAL*8 MJ
DIMENSION SMJ(NDIS)
COMMON /GZ5/ MJ(13,15),R(15)
SMJ(K)-O.O
DO 10 I-1,IRR-1
J-I+1
10 SMJ(K)-12.56637061/(R(J)-R(I))*((MJ(K,I)*R(J)-MJ(K,J)*
1 R(I))*(R(J)**3-R(I)**3)/3.+(MJ(K,J)-MJ(K,I))/4.*
2 (R(J)**4-R(I)**4))+SMJ(K)
RETURN
END
APPENDIX C.2. THE FIRST ORDER, SINGLE STEP REACTION MODEL
C ....... This first order, single step reaction model is programmed by
C ....... Steve Jaanpyng Hsu (1989), using the 4th-order Runge-Kutta
C....... Method.
C.......
IMPLICIT DOUBLE PRECISION (A-H,O-Z)
EXTERNAL FIRST
DIMENSION PARM(3), PZX(4),ETAR(22),XJAC(22,3),
1 XJTJ(6),WORK(65)
COMMON /TMTMP/ TIME(60,42),TEMP(60,42),EXPVL(60),CALVL(60),
1 NUM(60),PEAKT(60),NKK(60)
COMMON /NAME/NMCMP(2),NAMRN(60),NAMDL(6)
COMMON /CONST/CONST(10),RUNVL(60),ETIME(60,42),
1 ETEMP(60,42),WL(60),NO
OPEN (UNIT-5,FILE-'SINGL.DAT',STATUS-'OLD')
OPEN (UNIT-6,FILE-'SOUT.DATr STATUS-'NEW')
DATA DELTA,EPSDF,IOPT,NSGDF,MXTDF/0.0001,.0005,1,3,30/
C.
C.
CALL CFIN(PARM,NRUNS,NPAM,NSIG,EPS,MAXIT)
5 IXJAC-NRUNS
C.
NO-O
IF(EPS.EQ.0) EPS-EPSDF
IF(NSIG.EQ.O) NSIG-NSGDF
IF(MAXIT.EQ.0) MAXIT-MXTDF
MAXFN-MAXIT
C.
C CALL FIRST(PARM,NRUNS,NPAM,ETAR)
CALL ZXSSQ(FIRST,NRUNS,NPAM,NSIG,EPS,DELTA,MAXFN,IOPT,PZX,PARM
1 ,SSQ,ETAR,XJAC,IXJAC,XJTJ,WORK,INFER,IER)
C.
CALL CFOUT(PARM,NRUNS,NPAM,SSQ)
SSQTAR-(SSQ/(NRUNS-NPAM))**0.5
WRITE(6,9) SSQTAR
9 FORMAT(' Standard Error of Estimates - ',E10.4)
WRITE(6,10) WORK(5),INFER,IER
10 FORMAT(//6X,' Number of Iteration -',f7.2/,
1 6x,' Convergence Criterion=',i5/,
2 6x,' Error Index =',i5)
101 STOP
END
C ......................
SUBROUTINE CFIN(PARM,NRUNS,NPAM,NSIG,EPS,MAXIT)
IMPLICIT DOUBLE PRECISION (A-H,O-Z)
DIMENSION PARM(3),XTIME(60,20),XTEMP(60,20)
COMMON /TMTMP/ TIME(60,42),TEMP(60,42),EXPVL(60),CALVL(60),
1 NUM(60),PEAKT(60),NKK(60)
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COMMON /NAME/NMCMP(2),NAMRN(60),NAMDL(6)
COMMON /CONST/CONST(1O),RUNVL(60),ETIME(60,42),
1 ETEMP(60,42),WL(60),NO
COMMON /GZ6/ NBER(5),TBER(15)
DATA NIN/5/,ID/6/
C.
C.
READ(NIN,100) (NAMDL(I),I-1,6)
WRITE(ID, 100) (NAMDL(I), I-1,6)
READ(NIN,100) (NMCMP(I),I-1,2)
WRITE(ID,100) (NMCMP(I),I-1,2)
C.
READ(NIN,110) (CONST(I),I-1,10)
WRITE(ID,110) (CONST(I), I-1,10)
C.
READ(NIN,115) (NBER(I),I-1,5)
WRITE(ID,115) (NBER(I),I-1,5)
READ(NIN,110) (TBER(I),I-1,15)
WRITE(ID, 110) (TBER(I),I-1,15)
C.
READ(NIN,120) NPAM,NRUNS
WRITE(ID, 120) NPAM,NRUNS
C.
WRITE(ID,124)
DO 10 I-1,NRUNS
READ(NIN,130) EXPVL(I),WL(I),NAMRN(I),NUM(I),NKK(I)
WRITE(ID,130) EXPVL(I),WL(I),NAMRN(I),NUM(I),NKK(I)
C.
IF(NUM(I).EQ.O) NUM(I)-15
10 CONTINUE
C.
DO 30 I-1,NRUNS
L-NUM(I)
IL-L-1
READ(NIN,140) (TIME(I ,J),TEMP(I,J),J-1,L)
WRITE(ID,123) NAMRN(I)
WRITE(ID, 141)(TIME(I ,J), TEMP(I ,J) ,J-1 ,L)
DO 20 J-1,L
TEMP(I,J)-TEMP(I,J)+273.
20 CONTINUE
DO 21 J-1,IL
J2-J+1
ETEMP(I,J)=TEMP(I,J2)-TEMP(I,J)
21 ETIME(I,J)-TIME(I,J2)-TIME(I,J)
PEAKT(I)-TEMP(I,1)
DO 22 JJ=1,NUM(I)
22 IF(PEAKT(I).LT.TEMP(I,JJ)) PEAKT(I)-TEMP(I,JJ)
PEAKT(I)-PEAKT(I) -273.
WRITE(ID,121) PEAKT(I)
30 CONTINUE
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C.
READ(NIN,110)(PARM(I),I-1,NPAM)
WRITE(ID, 111) (PARM(I),I-1 ,NPAM)
C.
READ(NIN,150) NSIG,EPS,MAXIT
WRITE(ID,150) NSIG,EPS,MAXIT
C.
100 FORMAT(6A4)
110 FORMAT(5E11.3)
111 FORMAT(/,5E11.3)
115 FORMAT(5I4)
120 FORMAT(3I3)
121 FORMAT(' Peak Temperature- ',F7.1,' C')
122 FORMAT(' $$RESCALED TIME-TEMPERATURE HISTORY (IN DEGREE K).')
123 FORMAT(/' Time(sec)-Temperature(C) history of ',A4)
124 FORMAT('TAR %',3X,'W.L.',6X,'RUN #',5X,'TOTAL #')
125 FORMAT( '^^ ^ DIFFERENCE OF EACH TIME STEP.')
126 FORMAT(16(F4.2))
127 FORMAT(10(1X,F6.2))
130 FORMAT(F5.4,3X,F5.4,5X,A4,8X,I2,1X,I2,1X,I2,2X,E10.3)
140 FORMAT(8(F4.2,F5.0))
141 FORMAT(8(F4.2,F5.0)/,8(F4.2,F5.0)/,8(F4.2,F5.0))
150 FORMAT(8X,I2,E10.3,5X,I5)
C.
RETURN
END
C.......................
SUBROUTINE CFOUT(PARM,NRUNS,NPAM,SSQ)
IMPLICIT DOUBLE PRECISION (A-H,O-Z)
DIMENSION PARM(3)
COMMON /TMTMP/ TIME(60,42),TEMP(60,42),EXPVL(60),CALVL(60),
1 NUM(60),PEAKT(60),NKK(60)
C.
COMMON /NAME/NMCMP(2),NAMRN(60),NAMDL(6)
DATA NOUT/6/
C
C
C WRITE(NOUT,100) (NAMDL(I),I=1,6)
C WRITE(NOUT,110) (NMCMP(I),I=1,2)
C.
WRITE(NOUT,130)
DO 10 I-1,NPAM
10 WRITE(NOUT,140) I,PARM(I)
C.
WRITE(NOUT,150)
DO 30 I-1,NRUNS
WRITE(NOUT,160) NAMRN(I),PEAKT(I),CALVL(I),EXPVL(I)
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30 CONTINUE
C WRITE(NOUT,163)
163 FORMAT(//' * : Experimental Results.'/)
C
WRITE(NOUT,170) SSQ
100 FOFRMAT(//15X,'**RESULTS OF COAL PYROLYSIS BEST-FIT ANALYSIS**
1 '//IX,'MODEL NAME: ',6A4)
110 FORMAT(/1X,'COMPONENT EVOLVED: ',2A4)
130 FORMAT(//lX,'FINAL PARAMETER VALUES:')
140 FORMAT(1X,'PARAMETER NO. ',I2,':',E15.8)
150 FORMAT(//32X,'**RESULTS OF FIT**',//3X,'NO. T (C) TAR TA
1R*')
160 FORMAT(2X,A4,2X,F5.0,7(2X,F6.4))
170 FORMAT(//' Sum of Squared Error :',E10.4)
RETURN
END
C-----------------------------------------------------------------------
SUBROUTINE FIRST(PARM,NRUNS,NPAM,ETAR)
C.
IMPLICIT DOUBLE PRECISION (A-H,O-Z)
C.
COMMON/TMTMP/TIME(60,42) ,TEMP(60,42) ,EXPVL(60),CALVL(60),
1 NUM(60),PEAKT(60),NKK(60)
C.
COMMON /CONST/CONST(10),RUNVL(60),ETIME(60,42),
1 ETEMP(60,42),WL(60),NO
COMMON /GZ6/ NBER(5),TBER(15)
C
C.
DIMENSION PARM(3),ETAR(22),QE(3),QG(4),D(4)
FK(T)=AKO*DEXP(-EA/1. 9872/T)
DATA QE/.5,.5,1./
DATA QG/.16666667,.3333333,.3333333,.16666667/
DATA D/.O,.5,.0,0.5/
C.
AKO-PARM(1)
EA-PAIRM(2)
VSTAR-PARM(3)
C
DO 9000 I-1,NRUNS
C
V-0.
T-TEMP(I,1)
PTIME-TIME(I, 1)
DETIME=.01
PTIME5-TBER(13)
C.
NJ-i
JJ-2
31 JCC-JJ-1
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DETEMP-DETIME/ETIME(I,JCC)*ETEMP(I,JCC)
32 PTIME-PTIME+DETIME
C
ZV-V
ZFC-O.
DO 40 J-1,4
QGI-QG(J)
T-T+D(J)*DETEMP
IF(NJ.NE.1) GO TO 35
GO TO 36
35 IF(J.EQ.1.OR.J.EQ.3) GO TO 37
36 AK-FK(T)
37 FC-AK*(VSTAR-V)
ZFC-ZFC+QGI*FC
IF(J.EQ.4) GO TO 40
QEE-QE(J)*DETIME
V-ZV+QEE*FC
40 CONTINUE
V=ZV+ZFC*DETIME
RATE-AK* (VSTAR-V)
IF(PTIME.LT.PTIME5) GO TO 309
PTIME5=-PTIME5+TBER(11)
WRITE(6,700) T,PTIME,RATE,V
309 IF(ABS(VSTAR-V).LT..0001) GO TO 340
C
310 STIME-TIME(I,JJ)-PTIME
311 IF(STIME.GE.DETIME) GO TO 330
T-TEMP(I,JJ)
JJ-JJ+1
IF(JJ.GT.NUM(I)) GO TO 340
NJ-NJ+1
GO TO 31
C
330 NJ-NJ+1
GO TO 32
C.
340 CONTINUE
C
350 CALVL(I)-V
ETAR(I)-CALVL(I) -EXPVL(I)
C 699 WRITE(6,700) T,PTIME,RATE,V
700 FORMAT(' Temp-',F7.1,' Ptime-',F5.3,' RATE-',E10.4,
1 ' V-',F10.4)
9000 CONTINUE
C
CALL CFOUT(PARM,NRUNS,NPAM,SSQ)
NO-NO+1
WRITE(6,201) NO
201 FORMAT(' NO OF PASSING THRU SINGL-',I4)
RETURN
END
